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ABSTRACT 

As p a r t  of a l a r g e r  program t o  i n v e s t i g a t e  the  c h a r a c t e r i s t i c s  of 

multibody supersonic  configurat ions,  a study was conducted analyzing 

changes i n  wave drag due to i n t e r f e r e n c e  e f f e c t s  between two Sears-%a& 

bodies at Mach 2.7 and zero degrees angle  of a t t a c k .  This study 

cons i s t ed  of an experimental  i n v e s t i g a t i o n  and t h e o r e t i c a l  a n a l y s i s  of 

twin Sears-back bodies. In the experiment, pressure d a t a  w a s  nreasured 

on one body w h i l e  f o rce  d a t a  was m a s u r e d  on the  o the r  body. The study 

o b j e c t i v e s  were t o  better understand t h e  i n t e r f e r e n c e  e f f e c t s  between 

t h e s e  bodies and determine t h e  e f f e c t i v e n e s s  of two t h e o r e t i c a l  methods 

(PAN AIR, a near-f ie ld  panel  method, and Far-Field Wave Drag, a method 

based on t h e  supersonic  area rule) i n  p r e d i c t i n g  t h e s e  i n t e r f e r e n c e  

e f f e c t s  . 
The study involved the  a n a l y s i s  of pressure d i s t r i b u t i o n s  and changes 

i n  wave drag a s soc ia t ed  with d i f f e r e n t  r e l a t i v e  p o s i t i o n s  of t he  bodies. 

Changes i n  wave drag were observed f o r  combinations of both lateral 

s e p a r a t i o n  and l o n g i t u d i n a l  skew of t he  two bodies. It was found t h a t  

t hese  changes i n  wave drag versus r e l a t i v e  p o s i t i o n  of t h e  bodies could 

be e q l a i n e d  i n  terms of both shock l o c a t i o n  and shock s t r eng th .  Results 

i n d i c a t e d  t h a t  a s i g n i f i c a n t  reduct ion i n  wave drag could be obtained 

due t o  the favorabie  i n t e r f e r e n c e  e f f e c t s .  These e f f e c t s  yielded a two- 

body conf igu ra t ion  with less t o t a l  drag than a s i n g l e  body of equal t o t a l  

volume and the same length.  
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30th theo r i e s  sa r i s fac :or i ly  pred ic ted  the  changes i n  wave drag 

a s soc ia t ed  with d i f f e r e n t  r e l a t i v e  loca t ions  of the  bodies shorn by t he  

experiment,  e s p e c i a l l y  when they were ad jus t ed  due to t h e i r  use of t he  

Macn l i n e  r a t h e r  than the  shock path. Thus, confidence =as developed i n  

these  two t h e o r e t i c a l  techniques f o r  t h e i r  use i n  f u r t h e r  a n a l y s i s  of 

mulcibody conf igura t ions .  
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INTRODUCTIObi 

Throughout h i s t o r y ,  man has sought t o  t r a v e l  f a s t e r  i n  zfl modes of 

t r anspor t a t ion .  F l igh t  has been no except ion t o  t h i s  quest  f o r  

i nc reas ing  speed. As a i r c r a f t  development is t raced  from the  Wright 

"Flyer" of 1903 t o  the  present s ta te  of modern je t -propel led  a i r c r a f t ,  a 

s i g n i f i c a n t  i nc rease  i n  the  speed of a i r  t r a v e l  occurs. Advanced 

technology developed during t h i s  era has not only r e s u l t e d  i n  an 

economical mass t r anspor t a t ion  system a b l e  t o  opera te  at very high 

subsonic  speeds, but has a l s o  made f l i g h t  a t  supersonic  speeds poss ib le .  

Although present  technology has enabled supersonic  f l i g h t ,  i t  has 

n o t ,  as of y e t ,  made supersonic  f l i g h t  economically f e a s i b l e  i n  a mass 

t r a n s p o r t a t i o n  system. The lack of widespread use of the Supersonic 

t r a n s p o r t  by a i r l i n e  companies r e f l e c t s  t he  unsoundness of such a 

bus iness  venture.  The Concorde is the  orly opera t ing  supersonic  

t r a n s p o r t  of today. It operates  f o r  about M c e  the  c o s t  of the  more 

convent ional  wide-body subsonic t r a n s p o r t s ,  not  t o  mention the  high c o s t  

of i ts  development and construct ion.  

Large passenger c a p a b i l i t y ,  as w e l l  as new state-of-the-at: 

technology ( r e f s .  1 and 2 ) ,  results i n  conf igu ra t ions  approaching a =re 

practical  supersonic  mass t r a n s p o r t a t i o n  vehic le .  In  the  pas t  , an 

i n c r e a s e  i n  passenger capac i ty  of a jet  t r a n s p o r t  has gene ra l ly  y ie lded  

a n  economically favorable  r e s u l t .  

u sua l ly  brought about by extending the  l eng th  and/or diameter of t he  

f u s e l a g e ,  hence increas ing  the passenger capacity, without an 

This more e f f i c i e n t  condi t ion  is  

1 
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appreciable increase in operating cost. Some of the current supersonic 

transporcs under study have a passenger capability of nearly 300 

passengers (ref. 3)  and are already in excess of 300 feet long. 

Further increases in passenger capacity are sought; however, a further 

appreciable extension in the length of the fuselage does not seem 

practical. Other possibilities enabling an increase in passenger 

capacity would be to increase the volume of the fuselage without 

increasing the length, or to use more than one fuselage. The 

multiple-fuselage concept is one of great interest, and there are 

currently double-bodied configurations under study (ref. 4 ) .  This idea 

of multiple-fuselage vehicles not only deals with the concept of 

increasing the passenger capacity but, also, introduces the notion of 

favorable interference effects resulting in a reduction of drag. 

As an initial study of these multibody configurations and the 

interference effects taking place, this thesis presents an analysis of 

the interference effects between two  isolated twin bodies in supersonic 

flow. Two theoretical techniques were compared with wind tunnel results 

for wave drag versus the relative position of the bodies. This study 

not only sought to understand the interference effects taking place, but 

to determine the effectiveness of each of the theoretical techniques in 

predicting these interference effects. Also ,  comparisons between these 

two isolated bodies were made with a single body of equal total volume. 

Ramifications of this study of interference effects go beyond the 

design of multibodied configurations. Other uses of this analysis might 

be to study the effects of interference between components on launch 
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veh ic l e  space systems as w e l l  as on d i f f e r e n t  types of supersonic  

a i r c r a f t .  This study might also be use fu l  when analyzing the  e f f e c r s  of 

adding external s t o r e s  t o  conf igura t ions  and the  aerodynamic 

in te racEions  during s t o r e  separat ion.  

. 



BACKGROUND 

With the onset of any r e sea rch ,  i t  is d e s i r a b l e  t o  examine any p a s t  

research t h a t  might apply t o  the development of the new concept being 

considered. This effor:  proves d i f f i c u l t ,  however, when consider ing 

mult iple-fuselage supersonic  v e h i c l e s ,  s i n c e  f u r t h e r  development of 

conventional supersonic  c r u i s e  veh ic l e s  is  s t i l l  needed. Nevertheless ,  

t h e r e  has been a number of research e f f o r t s  consider ing i n t e r f e r i n g  

5odies  at  t r anson ic  and supersonic  speeds,  as we11 as a c t u a l  p a s t  

development and cu r ren t  i n t e r e s t  i n  t he  technology of twin-fuselage 

a i r c r a f t .  

Applicable t o  t h i s  research is  an experimental  i n v e s t i g a t i o n ,  by 

Georg Drougge ( r e f .  5 )  , of the i n t e r f e r e n c e  e f f e c t s  between bodies of 

r evo lu t ion  a t  t r anson ic  speeds (Mach numbers ranging form 0.8 t o  1.15). 

I n t e r f e r e n c e  e f f e c t s  between two bodies and t h r e e  bodies were observed 

with comparisons made between the two-body experimental  r e s u l t s  and a 

theory based on the supersonic  a rea  r u l e .  While agreement between 

theory and experiment was not very good f o r  t h e  lower Mach numbers, much 

b e t t e r  comparisons were seen a t  t he  higher  Mach number of 1.15 ( see  

f i g u r e  1 ,  which i s  a reproduct ion of Drougge's figure 18) .  In 

Appendix A of t h i s  r e p o r t ,  some of Drougge's experimental  r e s u l t s  of two 

i n t e r f e r i n g  bodies a t  Mach !.is were compared with the a n a l y s i s  t oo l s  

used i n  the RESULTS AND ANALYSIS s e c t i o n  of tnis r e sea rch  paper.  The 

r eade r  should no te ,  however, t h a t  the d a t a  e x t r a c t e d  from r e f e r e n c e  5 
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w a s  from r a t h e r  a u s t e r e  graphs allowing only a gene ra l  comparison of the 

t r ends  and not d e t a i l e d  comparisons. A l s o ,  results from l o n g i t u d i n a l  

movements and d e t a i l e d  p re s su re  d i s t r i b u t i o n s  were not provided. 

Experimental r e s u l t s  a t  h ighe r  Mach numbers, c l o s e r  t o  Mach numbers of 

i n t e r e s t  f o r  t he  design of supersonic a i r c r a f t ,  were a l s o  d e s i r a b l e ,  but 

not  provided. Thus, f u r t h e r  experimental d a t a  were needed t o  support  

t h e  twin-body concept. 

Another document of i n t e r e s t  covers an experimental  i n v e s t i g a t i o n ,  

by Gapcynski and Carlson, of a body of r evo lu t ion  i n  the v i c i n i t y  of a 

r e f l e c t i o n  plane a t  Mach numbers of 1.41 and 2.01 ( r e f .  6) .  Pressure 

d i s t r i b u t i o n s  were obtained f o r  d i f f e r e n t  s e p a r a t i o n s  of t he  body and 

r e f l e c t i o n  plane with changes i n  axial f o r c e ,  normal f o r c e  d i r e c t e d  

toward the  p l a t e ,  and p i t ch ing  moment observed. Favorable areas of 

i n t e r f e r e n c e  with r e spec t  t o  a x i a l  fo rce  were found f o r  c e r t a i n  separa- 

t i o n s  ( r e f e r  t o  f i g .  10 of r e f .  6 ) .  In general ,  Gapcynski and Carlson 

found that for small sepa ra t ion  d i s t a n c e s  t h e  body i s  s u b j e c t  t o  posi- 

t i v e  ax ia l - fo rce  increments,  normal-force increments d i r e c t e d  toward the  

p l a t e ,  and pitching-moment increments tending t o  move t h e  model nose 

away from the  p l a t e .  As t he  s e p a r a t i o n  d i s t a n c e  is increased,  but the 

body kept within-  t he  region of t he  ref1ec:ed nose shock, the d i r e c t i o n  

of t hese  fo rce  and moment increments is reversed. All of these  r e s u l t s  

can be understood when considering the  shock l o c a t i o n  and i t s  e f f e c t  on 

t h e  p re s su re  d i s t r i b u t i o n  which will be analyzed i n  the  RESULTS AND 

ANALYSIS sec t ion .  While appicable  t o  the multibody problem, mutual 

e f f e c t s  berween the  bodies and t h e i r  shocks are not s a t i s f a c t o r i l y  
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analyzed t h i s  way. Also, l ong i tud ina l  skews of the  bodies  cannot be 

analyzed us ing  a r e f l e c t i o n  plane.  

Friedman and Cohen, i n  r e fe rence  7 ,  s tudied  t h e  wave drag of a 

system of bodies a t  zero angle  of a t t a c k  and supersonic  speeds by means 

of l i nea r i zed  slender-body theory and reverse-flow theorems. They 

sought t o  determine the  e f f e c t  of varying the  r e l a t i v e  l o c a t i o n  of a 

p r i n c i p a l  body and adding a u x i l i a r y  body or  bodies i n  a two- or three-  

body sys t em.  They found b e n e f i c i a l  arrangemencs, inc luding  ones 

r e s u l t i n g  i n  two- o r  three-body systems having no more wave drag than  

t h a t  of a p r i n c i p a i  body alone ( r e f e r  t o  f i g s .  9 and 10 of r e f .  7 ) .  The 

most favorable  p o s i t i o n  of the  a u x i l i a r y  body was with  i t s  maximum c r o s s  

s e c t i o n  s l i g h t l y  forward of t h e  shock, while  t h e  least f avorab le  was 

wich the  nose of t he  a u x i l i a r y  body a l igned  wi th  t h e  shock. These are 

similar to  some of the e f f e c t s  explained i n  the  RESULTS AND ANALYSIS 

s e c t i o n  of t h i s  s tudy.  While Friedman and Cohen presented  r e s u l t s  of 

some of the genera l  e f f e c t s  on a p a r t i c u l a r  a u x i l i a r y  body, mutual 

a f f e c t s  between similar s i z e  bodies and experimental  v e r i f i c a t i o n  of 

t h e s e  e f f e c t s  i s  needed i n  address ing  t h e  multibody problem. 

An extension of the  work presented i n  t h i s  p e r t i c u l a r  r e p o r t  might 

be t o  consider  opt imizing t h e  shape of a s a t e l l i t e  body l o c a t e d  i n  the  

f low f i e l d  of another  body. This problem was addressed by'knnemann i n  

r e fe rence  8. Based on l i n e a r i z e d  theo ry ,  Rennemann der ived  a gene ra l  

express ion  f o r  the  c ross -sec t iona l -a rea  d i s t r i b u t i o n  of t h e  minimum-drag 

body of revolu t ion  of given volume and l e n g t h  i n  a nonuniform supersonic  

f low f i e l d .  He concluded t h a t  " l i t t l e  o r  no advantage can be expected 



from shaping s a t e l l i t e  bodies f o r  favorable  i n t e r f e r e n c e  drag." 

Rennenann f u r t h e r  commented t h a t  "the important parameter appears t o  be 

t h e  l o c a t i o n  of the s a t e l l i t e  body." There are s t i l l  o t h e r  f a c e t s  

concerning t h i s  problem, however, including consider ing bodies t h a t  are 

n o t  bodies of revolution. 

These research e f f o r t s  invoiving t h e  study of i n t e r f e r e n c e  e f f e c t s  

and body shaping, are p a r a l l e l e d  by a c t u a l  multibody conf igu ra t iona l  

s t u d i e s .  These s t u d i e s  include a c t u a l  p a s t  double-body subsonic 

a i r c r a f t  and cu r ren t  s t u d i e s  of subsonic multibody a i r c r a f t  and 

nu l t ibody  supersonic configurat ions.  
s 

The idea of twin-fuselage a i r c r a f t  i s  not new. By the l a t e  

twen t i e s ,  I t a l y  had b u i l t  twin-fuselage seaplanes;  and i n  1951 a 

twin-fuselage conf igu ra t ion  was used as a test bed f o r  engines ( s e e  

r e f .  9 ) .  North American b u i l t  272 twin-fuselage P-51 (P-82) Mustangs 

al lowing g r e a t e r  range, increased payload, and better takeoff 

performance than i t s  s ingle-fuselage counterpar t .  

Recent ly ,  t h e r e  has been renewed i n t e r e s t  i n  t he  mulribody concept. 

Beference 10 i n d i c a t e d  t h a t  a "multibody a i r c r a f t  concept may o f f e r  

b e n e f i t s  similar t o  the span-distributed-load a i r c r a f t ,  y e t  r e t a i n  

coxf i g u r a t i o n a l  and ope ra t iona l  c h a r a c t e r i s t i c s  Tilore l i k e  those of a 

convent ional  t r a n s p o r t  a i r c r a f t . "  John Houbolt; i n  a r e c e n t  a r t ic le  i n  

As t ronau t i c s  b Aeronautics ( r e f .  91, took a look a t  mu l t i fu se l age  

subsonic  a i r c r a f t .  He s t a t e s  t h a t  twin-fuselage a i r c t a f  t "would break 

i h e  stalemate i n  p roduc t iv i ty  with s ingle-fuselage a i r c r a f t  by a 

compounding of b e n e f i c i a l  design properEies,  and do t h i s  with o r  without 
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an in fus ion  of advanced technology." He found t h a t  a " syne rg i s t i c  

compounding of benef i t s"  occurs .  Due t o  the  a l l e v i a t i o n  of wing-bending 

moments i n  twin-fuselage a i r c r a f t ,  h igher  aspec t  r a t i o  wings may be used 

without  a weight pena l ty ;  t h i s  l eads  t o  b e t t e r  aerodynamic performance 

than  a s ingle-fuselage a i r c r a f t .  He a l s o  found reduct ions  i n  f r i c t i o n  

d r a g ,  t o t a l  fuse lage  weight,  t h r u s t  requirements ,  wing and t a i l  s i z e ,  

and f u e l  weight. -4s a r e s u l t ,  Houbolt suggested t h a t  twin-body 

arrangements could y i e ld  as much as 40 percent  i nc rease  i n  seat-miles 

pe r  ga l lon  over more convent ional  single-body a i r c r a f t .  

I n  another  Astronaut ics  b Aeronaut ics  a r t ic le  (ref.. 4 ) ,  Domenic 

X a g l i e r i  and Samuel Dollyhigh comment on the  r ecen t  a t t e n t i o n  given t o  

supersonic  t r a n s p o r t s  i n  "multi lobe and multibody conf igu ra t ions  of 

l a r g e  passenger capacity." They contend t h a t  while inc reas ing  passenger  

c a p a c i t y  g r e a t l y ,  t he  mul t i lobe  concept keeps fuse l age  c r o s s  s e c t i o n  t o  

a ninirnum. Also, they add t h a t  r ecen t  s t u d i e s  show t h a t  f o r  c e r t a i n  

s e p a r a t i o n  d i s t a n c e s ,  t he  aerodynamic performance ( & L / b x )  equals  or 

exceeds t h a t  of s ing le- fuse lage  conf igu ra t ions  having only half  t he  

passenger  capac i ty .  

With i n t e r e s t  focusing on the  promising supersonic  multibody 

concept ,  i t  i s  important t o  understand t h e  i n t e r f e r e n c e  e f f e c t s  t ak ing  

p l ace  and t o  have use fu l  t h e o r e t i c a l  ? r e d i c t i o n  techniques.  Thus, t h e  

need e x i s t s  f o r  t h i s  a n a l y s i s  of t h e  i n t e r f e r e n c e  e f f e c t s  between two 

i s o l a t e d  bodies and f o r  t he  de te rmina t ion  of t h e  use fu lness  of two 

t h e o r i e s ,  PAN A I R  and Far F ie ld  Wave Drag, i n  p r e d i c t i n g  these  e f f e c t s .  



THEORETICAL .rlETHODS USED FOR ANALYSIS 

Two methods were used f o r  the t h e o r e t i c a l  a n a l y s i s  of t he  i n t e r -  

f e rence  e f f e c t s  between the i s o l a t e d  bodies with a t h i r d  method added 

f o r  t h e  bodies-alone ana lys i s .  These a n a l y s i s  techniques cons i s t ed  of 

t h e  fol lowing:  t he  Far-Field Wave Drag program, based on tne supersonic  

a r e a  rule; PAN AIR,  a near-field panel method; and the L i g h t h i l l  method, 

r e s t r i c t e d  t o  use on i s o l a t e d  bodies of revolut ion.  This s e c t i o n  con- 

ta ins  a b r i e f  d e s c r i p t i o n  and summary of the  t h e o r e t i c a l  development of 

each of these methods. 

u s a b i l i t y  of each of these a n a l y s i s  tools .  

Also, some commenrs.were made about t he  

Far-Field Wave Drag Theory 

Tne Far-Field Wave Drag program computes the z e r o - l i f t  mve drag of 

a n  a r b i t r a r y  conf igu ra t ion  by u t i l i z i n g  t h e  supersonic  area rule, an 

ex tens ion  of the  t r anson ic  area rule. The t r a n s o n i c  area rule, from 

r e f e r e n c e  11 , states t h a t  the transoni: wave drag of a wing-body 

combination is  p r imar i ly  dependent on the  axial development of t he  

c ros s - sec t iona l  areas normal to t h e  airstream. The rule assumes :hat t h e  

wave drag of t he  a i r c r a f t  i s  the  same as the wave drag of an equivalent  

body of r evo lu t ion  having t h e  same cross-sect ional  area d i s t r i b u t i o n .  

It has been found t h a t  reasonably good wave-drag e s t ima tes  can be made 

nea r  Mach 1 i f  slender-body theory ( r e f  12) is appl ied t o  the  a i r c r a f t  

area d i s t r i b u t i o n .  

9 
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The slender-body theory u t i l i z e s  the  T r a n d t l - G l a u e r t  equat ion.  
9 :-. + - 'xx + 1- 'YY 

wnere 
3 c 2  = I 1 - 14,- 

Von Karman, i n  r e fe rence  

9,, = 0 

12, r ep resen ted  the flow about an axisymmetric 

body by the  s u p e r p o s i t i o i  of a uniform supe r son ic  flow and a cont inuous 

supe r son ic  source d i s t r i b u t i o n  along a line p a r a l l e l  t o  t h e  flow. 

Katrnan, also, showed t h a t  t he  source d e n s i t y ,  f ( x ) ,  is r e l a t e d  t o  the  

area d i s t r i b u t i o n  of t h e  body, S(x),  by 

Von 

Using this r e l a t i o n  and o t h e r  c o n d i t i o n s ,  he a r r i v e d  at t h e  drag of t h e  

body. 

n ell rll 

The supersonic  area rule is a g e n e r a l i z a t i o n  of t h e  t r a n s o n i c  area 

rule. It relates t h e  wave drag of an a i r c r a f t  a t  high Mach numbers t o  a 

number of developments of c r o s s - s e c t i o n a l  areas as i n t e r s e c r e d  by b c h  

p lanes ,  thus producing a series of e q u i v a l e n t  bodies  ( r e f .  13). In 

f i g u r e  2 ,  t he  supersonic-area-rule  wave drag computing procedure,  taken 

from r e fe rence  12, i s  i l l u s t r a t e d .  Each c r o s s - s e c t i o n a l  area develop- 

ment is a e t e m i n e d  by t h e  normal components of cross-sec:ional areas as 

a n g l e s ,  6 , f o m i n g  a number of c r o s s - s e c z i o r a i  area developments,  each 
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corresponding t o  a p a r t i c u l a r  8.  Thus, at  each ?hch number, a series 

of equivalent  bodies is  generated. The wave drag of each of these  

equiva len t  bodies is  determined by the  von Kaman slender-body formula 

( r e f . . l 2 ) ,  which gives  the  wave drag a s  a func t ion  of t he  equivalent-  

body area d i s t r i b u t i o n  and the  freestream condi t ions  (eqn. ( 4 ) ) .  The 

wave drag of the  a i r c r a f t  is, then, taken t o  be t h e  in t eg ra t ed  average 

of the equiva len t  body wave drags. 

p 2n‘ 

The Far-Field Wave Drag prograa a c t u a l l y  used is an extension i n  
s 

t h e  conf igu ra t iona l  geometry package of t h e  vers ion  contained i n  the  

wave drag po r t ion  of an aerodynamic design and a n a l y s i s  system f o r  

supersonic  a i r c r a f t  developed by being Commercial Airplane Company. 

The new geometry package allows t o t a l l y  a r b i t r a r y  conf igura t ions  t o  be 

i n p u t ,  whereas the  o r i g i n a l  Boeing geometry package s t i p u l a t e d  t h a t  t h e  

conf igu ra t ions  had t o  be symmetric about t h e  x - z plane. This new 

geometry package was w r i t t e n  by Char lo t t e  Craidon and i s  proposed f o r  

pub l i ca t ion  under the  t i t l e ,  “Computer Program f o r  Calcu la t ing  the Zero 

L i f t  Wave Drag of Complex Ai rc ra f t  Designs.” The Boeing program docu- 

mentation is  given i n  re ferences  14, 15, and 16. An a n a l y s i s  of t he  

Far-Field Wave Drag program, contained i n  r e fe rence  17, concluded t h a t  

“ i n  add i t ion  t o  providing reasonably accura te  supersonic  wave drag esti- 

mates, the  computer program provides a use fu l  t o o l  which can be used i n  

design s t u d i e s  and for conf igura t iona l  opt imizat ion.”  
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PAS AIR 

PAN AIR, an abbreviation for Panel Aerodynamics, is a near-field 

panel method designed to analyze subsonic or supersonic inviscid flows 

about arbitrary configurations. Magnus and Epton (ref. 18, p. 1.0-1) 

define a panel method as 

"A program which solves a linear partial differential 

equation numerically by approximating the configuration 

surface by a set of panels on which unknown singularity 

stcengths are defined, imposing boundary conditions at 

a discrete set of points, such as panel centers, and 

thereby generating a system of linear equations relating 

the unknown singularity strengths." 

These linear equations can be solved for the singularity strengths which 

can be used to find properties of the flow. 

The flow solutions from PAN AIR, as well as the Far-Field Wave Drag 

program, are governed by the Prandtl-Glauert equation for linearized 

compressible flow. 

where 

3' 

The Prandtl-Glauert equation is the governing equation describing steady,, 

inviscid, irrotational, isentropic flow with small perturbation assumptions. 

Due to the small perturbation assumptions, the Prandtl-Glauert equation 
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does not descr ibe  t ransonic  flow nor hypersonic Flow. 

number range over which the  Prandt l -Glauer t  equat ion w i l l  apply i s  hard 

t o  determine due t o  the  inf luence  of t he  pe r tu rba t ion  v e l o c i t y  i n  the  

s m a l l  pe r tu rba t ion  assumptions. For s l ende r  conf igu ra t ions ,  a t  small  

angles  of a t t a c k ,  PAN AIR can be used over a much l a r g e r  range of Mach 

numbers than f o r  t h i ck  conf igura t ions ,  o r  f o r  ones at high angles  of 

a t t ack .  

A prec i se  Xach 

Continuing w i t h  the  development of PAN AIR, t h e  P rand t l -Glaue r t  

equat ion  i s  converted t o  an i n t e g r a l  equat ion which can be solved using 

a genera l  panel method. Using Green's Theorem, the  P rand t l -Glaue r t  

equat ion  i s  transformed t o  an i n t e g r a l  equation. This equat ion i s  

f u r t h e r  s impl i f i ed  by in t roducing  t h e  source s t r e n g t h  and doublet  

s t r eng th .  With the  a d d i t i o n  of boundary condi t ions ,  a boundary value 

problem i s  posed. 

The process  by which a panel method so lves  t h i s  boundary value 

problem i s  known as d i s c r e t i z a t i o n .  

t h e  conf igura t ion  su r face  i s  divided i n t o  panels.  

parameters" (source and doublet  s t r e n g t h s )  are, then, def ined a t  

d i s c r e t e  po in t s ,  while a source and doublet  d i s t r i b u t i o n  are def ined 

over each panel,  A d i s c r e t e  set of po in t s ,  where boundary condi t ions  

are imposed ( ca l l ed  c o n t r o l  po in t s )  are chosen. Each boundary condi t ion  

imposed r e s u l t s  i n  a l i n e a r  equation i n  t he  unkr~own s i n g u l a r i t y  

parameters.  There must be as many boundary condi t ions  as s i n g u l a r i t y  

parameters t o  solve t h e  system of l i n e a r  equat ions.  

In t he  f i r s t  s t e p  of this process ,  

"S ingular i ty  
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Thus, we have a set  of l i n e a r  equa t ions ,  one f o r  each boundary 

condi t ion.  These l i n e a r  equa t i cns  can be solved,  ob ta in ing  the singu- 

l a r i t y  s t r e n g t h  parameters. From these ,  we can a r r i v e  a t  the  v e l o c i t y  

p o t e n t i a l  and, hence, the l o c a l  v e l o c i t i e s .  These r e s u l t i n g  l o c a l  velo- 

c i i i es  a r e ,  then, used t o  compute pressures .  A more in-depth look a t  

t h e  development of PAN A I R  i s  given i n  r e fe rences  18 and 19. 

A v a r i e t y  of p re s su re  formulas i s  a l s o  a v a i l a b l e  using PAN AIR.  

The second o rde r  pressure formula is: 

1 +  -+ 
-+ + 

P 2  = Pcc - [G,(V, v >  + - (V 2 W)] 

and the i s e n t r o p i c  formula i s  

I n  the  s o l u t i o n s  shown, fo rce  c a l c u l a t i o n s  r e s u l t  from the  i n t e g r a t e d  

i s e n t r o p i c  p re s su re  equation. Experience has shown, t h a t  i n  the  range 

where l i n e a r  theory i s  v a l i d ,  t h e  i s e n t r o p i c  p re s su re  equa t ion  ag rees  

very c lose ly  with the second o rde r  pressure equat ion.  When l i n e a r  

theory is v i o l a t e d ,  these two p res su re  equa t ions  tend t o  diverge from 

each other .  This observat ion is  q u i t e  u s e f u l  i n  determining local 

regions where l i n e a r  theory s o l u t i o n s  are no longer  v a l i d .  

As stated earlier,  PAN AIR is  a panel  method; however, i t  con ta ins  

a number of d i s t i n g u i s h i n g  f e a t u r e s  as compared t o  ear l ier ,  less complex, 

panel methods. F i r s t  of a l l ,  PAN A I R  al lows continuous geometries t o  be 

input .  E a r l i e r  panel methods l e f t  gaps i n  t h e  geometq  due t o  the  con- 

f i g u r a t i o n a l  d e s c r i p t i o n .  While t h i s  has  l i t t l e  e f f e c t  on' subsonic  

f l o w ,  a s i g n i f i c a n t  e f f e c t  i s  seen i n  s u p e r s o n i c  flow s i n c e  doublet  



s t r e n g t h s  must jump from zero t o  nonzero a t  t h e  panel  edge. Also, PAN 

AIR allows con t inu i ty  of s i n g u l a r i t y  s t r e n g t h s  due t o  l i n e a r  source and 

q u a d r a t i c  doublet  v a r i a t i o n  on each panel. Earlier methods def ined  

doublet  and source s t r e n g t h s  as l o c a l l y  cons tan t  , which caused discon- 

: i n u i t i e s  and r e s u l t e d  i n  numerical s t a b i l i t y  problems. Thus, PAN AIR 

con ta ins  improvements over e a r l i e r  panel  methods. 

L i g h t h i l l  I n t e g r a l  Method f o r  Axisynnnetric Bodies 

Used i n  t h i s  s tudy only t o  ob ta in  pressure  d i s t r i b u t i o n s  of t he  

bodies  a lone ,  the L i g h t h i l l  method is r e s t r i c t e d  t o  use on i s o l a t e d  

bodies  of revolu t ion .  The equat ion f o r  t he  s u r f a c e  p re s su re  c o e f f i c i e n t  

on a s l ende r  body of revolu t ion ,  smooth or not  smooth, has been shown by 

L i g h t h i l l  i n  r e fe rence  20 to be 

where 

body f i e l d  s t a t i o n  
decay func t ion  X-t ,  

I pos ic ion  func t ion ,  = - 
r(tl> 

12 
1 

x v a r i a b l e  of i n t e g r a t i o n  
!4ach number parameter.  = /Ef2 - 11 
body r ad ius  aT tl 
first d- r iva t fve  of body cross-sec t iona l  area S at  ti 
f i r s r  der iva t ive  of body r ad ius  r at x 

A fu rche r  d i scuss ion  of this method and a numerical  approach a r e  given 

i n  r e fe rence  21. Equation (11) i s  e a s i l y  eva lua ted  numerically because 

the  in tegrand  is without  s i n g u l a r i t i e s .  
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Usab i l i t y  Comparison of t h e  Theore t i ca l  Methods 

Before leav ing  t h i s  s e c t i o n  on t h e o r i e s ,  some comments should be 

made on the  a c t u a l  u s a b i l i t y  of each of these  programs. Although PAN 

A I R  outputs  more d e t a i l e d  information than  the  Far-Field Wave Drag 

program, i t  i s  more d i f f i c u l t  t o  model geometries and uses  more computer 

time and s to rage  than does Far-Field Wave Drag. 

I n  comparing the  output  information of t hese  two programs, PAN AIR 

provides  d e t a i l e d  pressure  d i s t r i b u t i o n s  from which fo rces  and moments 

are ca lcu la ted .  The Far-Field Wave Drag program (FFWD), on t h e  o t h e r  

hand, y i e lds  only the t o t a l  z e r o - l i f t  wave drag of t he  e n t i r e  

conf igura t ion .  

Although FFWD does not give d e t a i l e d  p re s su re  d i s t r i b u t i o n s ,  i t  is  

much easier t o  model input  geometries w i th  i t  than wi th  PAN AIR. The 

expanded ve r s ion  of FFWD d e f i n e s  components us ing  x, y, z coord ina tes  

with a re ference  poin t  l o c a t i o n  a s soc ia t ed  wi th  each component. 

Computer programs exist which al low conf igu ra t ions  t o  be i npu t  i n  t h i s  

format q u i t e  e a s i l y .  Also, t he  r e fe rence  p o i n t s  a l low component move- 

ment o r  conf igu ra t iona l  changes with very l i t t l e  t roub le .  PAN A I R  sets 

up a panel geometry which i s  very similar t o  this .  However, component 

i n t e r s e c t i o n s  a r e  q u i t e  complex. Thus, c o n f i g u r a t i o n a l  changes are very 

d i f f i c u l t  t o  implement. 

The Far-Field Wave Drag program i s  a l s o  much less c o s t l y  t o  run 

than PAN A I R .  The computer s to rage  and t i m e  needed f o r  PAN A I R  i s  

r e l a t e d  t o  the  number of panels  needed f o r  a conf igu ra t ion  and t h e  

boundary condi t ions  used. Boundary cond i t ions  are imposed a t  every 
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con t ro l  point .  Control points are loca ted  e i t h e r  a t  panel c e n t e r s  or 

panel edges, depending upon the use of sources and doublets  and on t h e  

l o c a t i o n  of "abutment i n t e r s e c t i o n s "  ( r e f .  18). For each boundary con- 

d i t i o n ,  a l i n e a r  equat ion is formed. Thus, PAN -AIR must so lve  a matr ix  

whose size depends upon the  number of boundary condi t ions  h p o s e d ,  which 

depends on the  number of panels used. Thus, PAN AIR r equ i r e s  much more 

computer t i m e  and s torage  than FFWD which c a l c u l a t e s  a series of cross- 

s e c t i o n a l  area d i s t r i b u t i o n s .  



EXPERIMENTAL PROGRAM 

Wind-Tunnel F a c i l i t y  

The experimental  research w a s  conducted i n  test s e c t i o n  2 of 

NASA, Langley Research Cen te r ' s  Unitary plan wind tunnel.  This i s  a 

continuous flow, closed c i r c u i t ,  pressure tunnel  with two 4x4x7-foot 

. te:;t s ec t ions  which cover a Mach number range from 1.46 t o  4.63. A 

d e t a i l e d  d e s c r i p t i o n  and c a l i b r a t i o n  of t he  wind tunne l  can be found i n  

reference 24. 

The 100,000 horsepower compressor d r i v e  system c o n s i s t s  of t he  

s t a r t i n g  motor, main d r i v e  motor, and s i x  compressors. The main d r i v e  

motor i s  l oca t ed  i n  l i n e  with t h r e e  compressors on each end, while  t h e  

s t a r t i n g  motor is o f f s e t  and t r a n s m i t s  power t o  t h i s  d r i v e  l i n e  through 

a speed inc rease  gear. 

Test  c a p a b i l i t y  over a continuous Mach number range I s  provided by 

two tes t  sec t ions .  Test s e c t i o n  1 covers  t h e  Mach number range from 

1.46 t o  2.86, and tes t  s e c t i o n  2 covers t h e  Mach number range from 2.30 

to 4.63. The Mach number i s  va r i ed  by a d j u s t i n g  an asymmetric s l i d i n g -  

block nozzle that changes tne  th roa t - to - t e s t - sec t ion  a r e a  r a t i o .  

Many methods are a v a i l a b l e  f o r  t h e  support  of models. The b a s i c  

model support system c o n s i s t s  of a h o r i z o n t a l  wal l lnounted s t r u t  capable 

of forward and a f t  t r a v e l  of 36.25 inches.  Attached t o  the  s t r u t  1s a 

s t i n g  support which allows I 20 inches  of t r a v e r s e ,  or la teral ,  movement 

and 214 degrees of s i d e s l i p  motion. I n  f r o n t  of t h e  s t i n g  support  i s  

t he  angle-of -a t tack mechanism and r o l l  mechanism. 

18 
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The da ta  a c q u i s i t i o n  system inc ludes  100 analog and 40 d i g i t a l  

record ing  channels coupled to a Sigma 3 computer wi th  va r ious  inpu t  and 

output  devices .  Force and moment da t a  a r e  measured by strain-gauge 

ba lances ,  while pressure  da t a  a r e  taken wi th  pressure  t ransducers  used 

wi th  scanning valves.  

Wind Tunnel Models and Support Apparatus 

The wind-tunnel r e sea rch  models cons is ted  of two Sears -hack  bodies. 

One w a s  cut off  at t h e  back and s t i n g  mounted; t h e  o t h e r  w a s  mounted on 

a strut and bol ted  to t ne  s idewal l  of t h e  tunnel .  Force measurements 

were made on the  cu t -o f f  body, w h i l e  p ressure  d a t a  vas measured on the  

sidewall-mounted body. 

The governing 

wave drag,  are, i n  

equat ions  f o r  a Sears-€back body, o r  body of m i n i m u m  

paramet r ic  form ( r e f .  22): 

( l+cosr ; )  (9a)  

where II = l eng th  of t he  body 

vb * volume of the body 

g = parametric va r i ab le  varying from 180" to 0" f o r  
x - varying from 0 to 2 

x = l o n g i t u d i n a l  a x i s  

A closed form equat ion  can a lso  be w r i t t e n  descr ib ing  a Sears-Haack body 

( r e f .  21): 
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where x = l o n g i t u d i n a l  a x i s  
2 = l eng th  of t he  body 
r - r ad ius  a t  l o n g i t u d i n a l  l o c a t i o n  x 

rmax = maximum r a d i u s  of t h e  body 

The pressure body, shorn. i n  f i g u r e  3,  had the foi lowing c h a r a c t e r i s t i c s :  

II = 30 inches 
vb  = 58.87 i n 3  

rmax = 1.03 i n  

The pres su re  body had a t o t a l  of 120 p res su re  o r i f i c e s  connected t o  

six, 5 p s i ,  scanning valves.  The s i d e  row of o r i f i c e s ,  numbered 100 

through 158, w a s  r e f e r r e d  t o  as t h e  0 degree l i n e  of p re s su re  o r i f i c e s ,  

while the top row of o r i f i c e s ,  numbered 200 through 258, was r e f e r r e d  t o  

as t h e  90 degree l i n e  of pressure o r i f i c e s  (see f i g .  3). Zach  row con- 

t a i n e d  59 o r i f i c e s ,  one spaced every half  inch. There were also two 

o r i f i c e s  loca t ed  on t h e  bottom of the model. One w a s  l o c a t e d  31/2 inches 

back from the nose, d i r e c t l y  below o r i f i c e  206, and w a s  l abe led  o r i f i c e  

306; and the  o t h e r  was loca ted  26y2 i n c h e s  back from t h e  nose,  d i r e c t l y  

below o r i f i c e  252,  and was l abe led  o r i f i c e  352. These two o r i f i c e s  were 

used t o  zero the  angle  of a t t a c k  of t h e  p r e s s u r e  model. 

The p res su re  body w a s  mounted t o  t h e  s idewa l l  of t h e  wind tunne l  on 

a blade s t r u t  and could be ad jus t ed  v e r t i c a l l y  and s l i g h t l y  i n  p i t c h  

using a 4-inch s l o t  i n  t h e  base of t he  s t r u t .  The blade s t r u t ,  also 

shown i n  f i g u r e  3 ,  had a sweep of 70 deg rees  near  t he  body and a sharp 

l ead ing  edge t o  reduce t h e  s t r e n g t h  of t he  leading-edge shock. The s t r u t  

contained the  120 p res su re  tubes connecting t h e  o r i f i c e s  t o  t h e  scanning 

valves.  

The f o r c e  body, shown i n  f i g u r e  4 ,  can be desc r ibed  by the  same 

equat ions as the p re s su re  body (pa rame t r i c  equa t ions  ( g a l  and and 
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eauar ion  (10)) but was cut  o f f  a t  x = 26.8G inches  where r = .SO inches.  

This allowed the  model t o  be mounted on a 3/4-inch dfameter s t i n g .  

The SLY component, p a r a l l e l r i r e d ,  s t r a i n  gauge balance used had 

srpall maximum d e f l e c t i o n s  t o  allow a high degree of p rec i s ion ,  TSe 

accuracy of :his balance f o r  any parzicular component measured i s  abou: 

.5 percent  of t he  maximum reading f o r  that component. -3perience has 

shown t h a t  measurement r e p e a t a b i l i t y  i s  even better than .5 percent .  

The maximum balance d e f l e c t i o n s  allowed were 4 pounds i n  axial f o r c e ,  

10 pounds i n  s i d e  f o r c e ,  and 70 pounds i n  normal force .  The maxisum 

moments allowed were 10 inch-pounds i n  r o l l i n g  moment, 8 inch-pounds i n  

yawing mment ,  and 50 inch-pounds i n  p i t c h i n g  moment. Although the  

balance provided the  requi red  accuracy,  it presented  ope ra t iona l  d i f f  i- 

culties due t o  t h e  r e l a t i v e l y  small range of a l lowable  f o r c e s  and momenrs. 

Two o t h e r  important  elements of t h e  experimental  appara tus  included 

The s t i n g  a 24-inch long sc ing  exrension and a dogieg s t i n g  adjustment.  

ex rens ion  w a s  used t o  extend the  s t i n g  of the  f o r c e  body enabl ing  i t s  

movement throughout t he  test  sec t ion .  The dogleg s t i n g  adjustment 

enabled v e r t i c a l  movement of the  f o r c e  body, The need f o r  t h i s  type of 

movement is explained i n  the  followiDg s e c r i o n ,  Experimental Tesz. 

Experiment 

The uind tunne l  experiment was conducted a t  a Hach number of 2.70 

6 and a Reynolds number of 2.00 x 10 pe r  foot .  Tesr s e c t i o n  2 w a s  chosen 

due t o  t h e  very small v a r i a t i o n s  i n  both Yach number and flow a n g u l a r i t y '  

throughour :ne test  sec r ion  ar :he tes: Yacn number of 2.70 (see r e f .  24) .  
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This i s  important s i n c e  the bodies were loca ted  a t  d i f f e r e n t  p o s i t i o n s  

throughout t he  test  s e c t i o n  during the  wind tun9el  tes t .  

The e n t i r e  t e s t  w a s  performed with each of t he  bodies a t  an angle  of 

a t t a c k  of zero degrses.  For the  f o r c e  body, t h i s  was done by a d j u s t i n g  

t h e  angle of a t t a c k  t o  o b t a i n  zero normal f o r c e  throughout t he  test  

under noninterference cond i t ions  o r  i n t e r f e r e n c e  cond i t ions  wi th  the  

bodies i n  the same x - y plane. For t h e  p re s su re  body, zero angle  Of 

a t t a c k  was obtained by a d j u s t i n g  t h e  angle ,  using t h e  s l o t t e d  w a l l  

at tachment,  u n t i l  p re s su re  o r i f i c e s  206 and 306 read the same, or very 

nea r ly  the same, pressure.  The angle  of a t t a c k  could a l s o  be checked 

using the same type of comparison between p res su re  o r i f i c e s  252 and 352. 

These pairs of o r i f i c e s  were located on t h e  top and boctom of t h e  model, 

180 degrees a p a r t ,  ( s e e  the Wind Tunnel Models and Support Apparatus 

s e c t i o n )  and must read the  same p res su re  f o r  t h e  model to be a t  zero 

degrees  with the  wind. 

The parameters d e f i n i n g  t h e  r e l a t i v e  p o s i t i o n  of t h e  bodies are 

shown i n  f i g u r e  5 .  Note the  d e f i n i t i o n s  of SEP, t h e  lateral  d i s t a n c e  

between the bodies ,  and SKEW, t he  l o n g i t u d i n a l  displacement of t h e  f o r c e  

body. Also, p o s i t i v e  SKEW is shown t o  be t h e  l o n g i t u d i n a l  d i s t a n c e  the  

f o r c e  body i s  d i sp laced  behind the  p re s su re  body. 

The a c t u a l  r e l a t i v e  p o s i t i o n  of t h e  bodies during t h e  experiment i s  

SEP v a r i e d  from 3 inches  t o  given i n  the  test  a a t r i x  shown i n  f i g u r e  6. 

15 inches while SKEW iraried from -45 i nches  t o  +48 inches.  The s e l e c t i o n  

of t he  two s idewa l l  mounting p o s i t i o n s  f o r  t h e  p re s su re  body were chosen 

on the  bas i s  of the t es t  s e c t i o n  size l i m i t a t i o n ,  t h e  s t i n g  appa ra tus  
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movement l i m i t a t i o n s ,  and the a c t u a l  p laces  t h a t  attachments could be made 

t o  the  s idewal l .  Case 1 shows rrhe rearward p o s i t i o n  of t he  p re s su re  body 

with f o r c e  d a t a  being masured  on t he  forward body. Case 2 shows the  

forward pos i t i on  of t he  pressure body wi th  f o r c e  d a t a  now being measured 

on t h e  rear body. 

Size c o n s t r a i n t s  on the  body and blade l i m i t e d  the  number of p re s su re  

o r i f i c e s .  Thus, only a 0 degree l i n e  and a 90 degree l i n e  of o r i f i c e s  were 

used (see the  Wind Tunnel Models and Support Apparatus s e c t i o n ) .  However, 

a denser d i s t r i b u t i o n  of pressures  around the  body i s  d e s i r a b l e  t o  ob ta in  

t h e  drag of t he  pressure  body. This can be done by t he  r a d i a l  movement 

of the  fo rce  body around t h e  pressure  body. This  e f f e c t i v e l y  varies the 

0 degree l i n e  of o r i f i c e s  from 0 degrees  to 90 degrees  and, concurren t ly ,  

the 90 degree l i n e  of o r i f i c e s  from 90 degrees  t o  180 degrees. This is 

depic ted  i n  f i g u r e  7(a). In p o s i t i o n  1, the  bodies  are loca ted  i n  the  

same x - y plane,  hence, with a 0 degree l i n e  and 90 degree l i n e  of 

pressures .  With the  f o r c e  body i n  p o s i t i o n  2, t he  0 degree l i n e  on the  

pressure  body is e f f e c t i v e l y  a t  90 degrees  r e l a t i v e  t o  the  fo rce  body, 

w h i l e  t he  90 degree l i n e  on the  p re s su re  body i s  e f f e c t i v e l y  at 

180 degrees  r e l a t i v e  t o  t h e  fo rce  body. Thus, a pressure  d i s t r i b u t i o n  

varying 6 from 0 degrees t o  180 degrees around the  body can be obtained 

enabl ing  the  c a l c u l a t i o n  of wave drag. Note i n  f i g u r e  7(b)  t he  d e f i n i t i o n  

of f l  as t he  r e l a t i v e  angle of t he  0 degree l i n e  t o  the  f o r c e  body, 

while  S2 i s  the  r e l a t i v e  angle  of the  90 degree l i n e  i n  fo rce  body. 

!dote, also, t he  d e f i n i t i o n  of ,$ as the  v e r t i c a l  d i s t a n c e  t h e  f o r c e  

body has been dropped below the  p re s su re  body. 
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The r a d i a l  movement of t he  f o r c e  body around t h e  pressure body i s  

accomplished using a dogleg attachment t o  the  s t i n g  ana a t r a v e r s e  motion 

of the s t i n g  apparatus.  Moving the  body along t h e  c i r c u l a r  a r c  i n  

f i g u r e  7 ( b )  from p o s i t i o n  1 t o  a p o s i t i o n  3 is accomplished using a dogleg 

attachment t o  the s t i n g  allowing a v e r t i c a l  drop of L .  A corresponding 

t r a v e r s e  movement allows the  r a d i u s ,  or SEP, t o  be held constant .  Quantum 

drops,  or drops only i n  steps,  were allowed by the dogleg attachment;  

however, adjustments of a continuous na tu re  could be made t o  the  he igh t  

of t he  pressure model using a 4-inch s l o t  on the  blade w a l l  at tachment.  

Thus, with these  adjustments,  any p a r t i c u l a r  8 between 0 degrees and 

180 degrees could be obtained. For any p a r t i c u l a r  6 1  o r  8 2  chosen, 

t h e  needed v e r t i c a l  drop, S, can be found as fol lows:  

and 

G 2  = g o o  + 01 

It should be pointed o u t ,  however, t h a t  i n  keeping wi th  good experimental  

procedure,  the number of mvements of t h e  p r e s s u r e  body were minimized. 

This minimized the e f f e c t s  of phys i ca l  changes i n  t h e  test  appa ra tus  on 

t h e  outcome of .the experiment. 

A summary of a l l  the  particular cases t e s t e d  i s  found i n  Table I. 

The point  numbers corresponding t o  each p a r t i c u l a r  c o n f i g u r a t i o n  'SEP, 

SKEW, L, $1, $ 2 )  i s  the key t o  l o c a t i n g  t h e  experimental  d a t a  i n  

r e fe rence  25.  Also, a p i c t u r e  of the bodies  i n  t h e  wind tunne l  i s  shown 

i n  f i g u r e  8. 
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Data Reduction 

Both the  f o r c e  body and pressure body had unwanted external f o r c e s  

and i n t e r f e r e n c e  t h a t  needed t o  be considered dur ing  t h e  ga the r ing  and 

reduct ion  of t he  wind tunnel  data. For t he  f o r c e  body, t hese  included 

skin f r i c t i o n  drag and drag due t o  the  chamber (or base) pressure.  For 

t he  p re s su re  body, t h e r e  were unwanted i n t e r f e r e n c e  e f f e c t s  from the  

blade used t o  mount i t  on t h e  s idewal l  and, a l s o ,  dis turbances  from t he  

s t i n g  appara tus  of t he  f o r c e  body on the  p re s su re  body f o r  c e r t a i n  

conf igura t ions .  

While a l l  t he  r e s u l t s  contain comparisons of wave drag,  t he  balance 

i n  t h e  f o r c e  body measured the  t o t a l  drag on the cut-off body. The t o t a l  

d rag ,  peasured by the  balance, of t h e  cut-off  body can be expressed as 

follows. 

D (eo)  = Q ( eo )  + DF ( co )  + DB (eo) 

w h e r e  

D (co)  = t o t a l  drag on t h e  cut-off body 
( t h a t  measured by the  balance)  

D, (co) = wave drag of t h e  cut-off body 

DF ( co )  = sk in  f r i c t i o n  drag of t he  cut-off  body 

DB (eo) = base pressure  drag of t he  cu t -o f f  body 

As can be seen from t he  above r e l a t i o n ,  estimates of t he  s k i n - f r i c t i o n  

drag  and base-pressure drag were needed t o  determine the  wave drag of 

t he  cu t -o f f  body. 

The s k i n - f r i c t i o n  drag of t he  f o r c e  body was ca l cu la t ed  using t h e  

Aerodynamic Design and Analysis System for Supersonic Aircraft developed 
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by Boeing ( r e f s .  16, 17, and 18). This a n a l y s i s  system makes use of t h e  

T '  method f o r  the c a l c u l a t i o n  of s k i n - f r i c t i o n  drag. The theory and 

experimental  v e r i f i c a t i o n  of t he  T' method are given i n  r e fe rence  26 

wi th  a sho r t  summary contained i n  reference 16. The T' method is based 

on the  c a l c u l a t i o n ' o f  a compressible s k i n - f r i c t i o n  c o e f f i c i e n t  from a 

reference s k i n  f r i c t i o n  c o e f f i c i e n t  f o r  a given Mach number, Reynolds 

number, and a d i a b a t i c  w a l l  temperature. Sub t rac t ing  both t h e  base 

p re s su re  d rag ,  computed using measured d a t a  from two chamber p re s su re  

t u b e s  in t he  base of the model, and t h e  s k i n - f r i c t i o n  drag from the  

balance reading r e s u l t e d  in t he  wave drag of t h e  f o r c e  body. 

While the  wave drag of t he  p re s su re  body w a s  found by i n t e g r a t i n g  

t h e  axial  component of t he  o r i f i c e  p re s su res  over t he  body s u r f a c e ,  

t h e r e  were e x t e r n a l  e f f e c t s  t h a t  needed t o  be considered f i r s t .  There 

was i n t e r f e r e n c e  t o  each l i n e  of p re s su re  due t o  t h e  blade connection of 

t he  pressure body t o  t h e  s idewall .  This e f f e c t  is discussed i n  t h e  

RESULTS AND ANALYSIS s e c t i o n  under Bodies Alone. There were, a l s o ,  

unwanted i n t e r f e r e n c e  e f f e c t s  on the  p re s su re  body due t o  the  s t i n g  

apparatus  of t h e  f o r c e  body while  t h e  p re s su re  body w a s  i n  the zone of 

i n f luence  of t h i s  s t i n g  apparatus .  Shown i n  f i g u r e  9 is t h e  p re s su re  

body with a hatched zone. Any t i m e  t h e  s t i n g  appa ra tus  of the f o r c e  

body passed within t h i s  zone, unwanted d i s t u r b a n c e s  were caused i n  t h e  

p re s su re  data .  Configurat ions where t h e  s t i n g  appa ra tus  w a s  l oca t ed  i n  

this zone, o r  very c l o s e  t o  it, were noted throughout the tes t ,  and t h e  

corresponding d i s t u r b e d  p res su re  d a t a  was e l imina ted  during the  d a t a  

reduct ion a f t e r  the test .  



RESULTS AND ANALYSIS 

In t h i s  s ec t ion ,  the  experimental  results are discussed and 

comparisons are made with each of t he  t h e o r e t i c a l  p red ic t ion  techniques: 

L i g h t h i l l ,  PAN AIR,  and Far-Field Wave Drag (FFWD). The wave drag of 

t he  bodies a lone  ( in t e r f e rence - f r ee )  will, f i r s t ,  be discussed.  Next, 

t h e  d i f f e r e n t  types of i n t e r f e r e n c e  e f f e c t s  w i l l  be analyzed. This w i l l  

l e ad  t o  a d iscuss ion  of wave drag versus  r e l a t i v e  pos i t i on  of t he  bodies 

and then wave drag versus  shock loca t ion .  F i n a l l y ,  some cons idera t ions  

involv ing  skin f r i c t i o n  drag w i l l  be made. 

Throughout t h i s  s ec t ion ,  the  da t a  w i l l  be presented i n  the  fol lowing 

ways: pressure  d i s t r i b u r i o n s  ; comparisons of b / . q  (wave drag divided 

by dynamic pressure)  f o r  t he  bodies a lone;  and comparisons of C & / b o  

(change i n  wave drag divided by t h e  in t e r f e rence - f r ee  wave drag)  f o r  t h e  

d i f f e r e n t  conf igura t ions .  There are restrictions on t h e  types of com- 

par i sons  t h a t  can be made due t o  the type of da t a  obta inable ,  not  only 

from the  experiment, but from each of t he  t h e o r e t i c a l  techniques. Below 

i s  a summary of the type of experimental  data gathered and the type of 

output  data from the  t h e o r e t i c a l  programs. 

30" Pressure Body Cut-off Force Body 

Experiment i) Pressure d i s t r i b u t i o n s  i )  Wave drag obtained 
from t h e  balance 

ii) Wave drag obtained f ro=  measurements 
i n t eg ra t ed  pressure  
d i s  t r i ou t ions  

27 



(Cont. ) 30" Pressure Body Cui-off Force Body 

PAN AIR i) Pressure distributions of both bodies 

ii) Wave drag (as w e l l  as other force dats: f o r  both 
bodies obtained from integrated pressure distributions. 

FFWD Outputs the wave drag of the entire configuration only 

Lighthill Outputs the pressure distribution and wave drag only for 
each body alone (interference-free) 

Bodies Alone 

Before considering the interference effects between the bodies, 

comparisons w i l l  be made between experiment and theory for the wave drag 

of the bodies alone (interference-free). Here, a comparison is made 

between the experiment, Lighthill, and PAN A I R ,  of the pressure distri- 

bution for the 30" pressure body. A L S O ,  wave drag comparisons between 

the experiment, Lighthill, PAN A I R ,  and FFWD of both bodies are made. 

Consider the pressure distribution of the 30" body, outside of the 

influence of the cut-off force body, as shown in figure 10. Note the 

good agreement between the experiment, Lighthill, and PAN A I R  on the 

front end of the body. The deviation of the experimental pressure 

distribution from that of the theory on the back of the body is due to 

the interference from the sidewall blade mount. As shown in figure 10, 

the x location at which interference first Occurs can be predicted by 

sketching a Mach line from the blade-body intersection across the body. 

Using PAN A I R ,  an adjustment was sought for this unwanted interference 

15" due to the sidewall blade mount. A 3C" body w i t h  a blade mount at x 

was modeled in PAN A I R ,  and the resulting pressure distribution is compared 
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t o  the  experimental  results i n  f i g u r e  11. Note, t h a t  f o r  ? - 900, PAS 

AIR p r e d i c t s  a s i m i l a r  e f f e c t  as t h e  experimental  d a t a ;  however, t he  

shock l o c a t i o n  predic ted  by PAN AIR i s  d isp laced  rearward. For f = 00,  

a similar r e s u l t  i s  seen with the shock l o c a t i o n  p red ic t ed  by PAN AIR 

d isp laced  f u r t h e r  rearward. The f u r t h e r  t he  shock must wrap around tne 

body, t he  more d i s t o r t e d  the  PAN AIR pressure  d i s t r i b u t i o n  becomes. This 

i s  due t o  the  spreading of any e f f e c t  from panel  t o  panel  by PAN AIR. It 

i s  expected t h a t  a denser d i s t r i b u t i o n  of panels would do a better job of 

p r e d i c t i n g  the  pressure  d i s t r i b u t i o n ;  however, t he  number of panels  used 

i n  t h i s  case is very c lose  t o  t he  maximum panel  s i z e  allowed by PAN AIR 

a t  this t i m e .  Thus, t he  PAN AIR p r e d i c t i o n  of t h e  00 pres su re  l i n e  i s  

more d i s t o r t e d  than i t s  p red ic t ion  of the 900 pres su re  l i n e .  

a c o r r e c t i o n  for t h e  90° pressure  l i n e  will be sought ,  since PAN AIR will 

do a better j o b  p red ic t ing  the  900 pres su re  l ine than t h e  0" pres su re  l i n e .  

Note t h a t  f o r  an i n t e r f e rence - f r ee  body at zero-degrees  ang le  of a t t a c k ,  

both the  90° and 00 pres su re  l i n e s  should read the same pressure.  Thus, 

t h e  90° pres su re  l i n e  w i l l  be correc ted  due t o  t h e  presence of t h e  blade;  

then the  Oo pressure l i n e  w i l l  be ad jus t ed  using t h e  new 90° pres su re  

l i n e .  This w i l l  y i e l d  an ar ray  of A$ for both p res su re  l i n e s .  Each 

a r r ay  of LCp 

the  blade,  f o r  i ts  respec t ive  l i n e  of pressure.  

Therefore ,  

w i l l  be used as t h e  co r rec t ion ,  due t o  the  presence of 

These a r r a y s  of A$ 

w i l l  be used later i n  the  ana lys i s  of t he  i n t e r f e r e n c e  e f f e c t s .  

To ge t  a better predic t ion  by PAN AIR of t he  pressure  d i s t r i b u t i o n  

f o r  t he  experimental  body with blade,  t he  blade was moved forward t o  the  

x = 13.5" l o c a t i o n  i n  the  PAN AIR model. This w a s  done i n  order  t o  match 
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t he  shock l o c a t i o n  shown by ?AK A I R  with t h a t  shown by the  experiment. 

The r e s u l t i n g  PAN A I R  pressure d i s t r i b u t i o n  f o r  t he  90° pres su re  l i n e  i s  

shown in f i g u r e  12 compared with the  o r i g i n a l  experimental  p re s su re  

d i s t r i b u t i o n  f o r  t he  90° pres su re  l i n e .  Note the  gool agreement between 

PLY A I R  and experiment. 

We now have the needed information t o  c o r r e c t  t he  p re s su re  d i s t r i -  

but ion due t o  the blade i n t e r f e r e n c e .  This procedure,  ou t l i ned  in 

f i g u r e  13, c o n s i s t s  of f i r s t  c o r r e c t i n g  the 90° pres su re  l i n e  and then 

co r rec t ing  the Oo pres su re  l i n e  using t h e  new 90° pres su re  l i n e .  In 

t h i s  way, two a r r a y s  of A C p  w i l l  be obtained. 

t o  co r rec t  i t s  r e spec t ive  l i n e  of p re s su re  f o r  the presence of t he  

blade.  In f i g u r e  13, s t e p  A, the  900 l i n e  of p re s su re  is c o r r e c t e d ,  

using the Oo l i n e  of p re s su re ,  up t o  x = 20", s i n c e  t h e  e f f e c t  of t he  

shock due t o  t h e  blade doesn't appear i n  t h e  00 p r e s s u r e  l i n e  u n t i l  

x = 20.5". 

body is corrected by adding the  d i f f e r e n c e  i n  (+, between t h e  PAN AIR - 
(body alone) p re s su re  d i s t r i b u t i o n  and t h e  PAN AIR - (body with blade a t  

x = 13.5") p re s su re  d i s t r i b u t i o n  t o  t h e  experimental  90° p r e s s u r e  l i n e .  

This results i n  the co r rec t ed  90° p r e s s u r e  l i n e  shown. The Oo p r e s s u r e  

l i n e  is then ad jus t ed  s t a r t i n g  a t  x = 20.5", using the  900 p r e s s u r e  

l i n e .  

co r rec t ion .  The d i f f e r e n c e  i n  between t h e  c o r r e c t e d  and o r i g i n a l  

l i n e s  of pressure form two a r r a y s  of AC These a r r a y s  of AC each 

added t o  i t s  r e spec t ive  l i n e  cjf p r e s s u r e ,  i n c r e a s e  Dw/q of t he  body by 

-008 (5.6%). 

Each a r r a y  w i l l  be used 

I n  s t e p  B, t he  90° pres su re  d i s t r i b u t i o n  f o r  t h e  rest of t h e  

Figure 14 shows each p res su re  l i n e  before  and a f t e r  the 

P' P' 
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There was a s m a l l  d i f f e rence  i n  the  experimental  p re s su re  d i s t r i -  

but ion and corresponding wave drag of t h e  30" body depending upon i t s  

forward o r  a f t  l o c a t i o n  i n  the  test sec t ion .  The previous experimental  

p re s su re  d i s t r i b u t i o n s  shown i n  f i g u r e s  10 through 14 were of the  30" 

body loca ted  i n  the forward test s e c t i o n  loca t ion .  Figure 15 compares 

both the  Oo and 900 l i n e s  of pressure  f o r  both l o c a t i o n s  of t he  30" 

body. Note the  d i f f e r e n c e  i n  the p re s su re  d i s t r i b u t i o n s  r e s u l t i n g  i n  

about a 7 percent  d i f f e r e n c e  i n  

t h i s  e f f e c t  i s  that it  is due t o  t h e  phys ica l  l o c a t i o n  of t he  body i n  

the  test s e c t i o n  r a t h e r  than random type e r r o r  i n  measurement. This can 

be seen from Table XI, by not ing t h e  r e p e a t a b i l i t y  of k / q  measured 

f o r  t he  body i n  the  forward l o c a t i o n  of t he  test sec t ion .  

30" body a lone  va r i ed  less than 1 percent  while it was l oca t ed  i n  tne  

f r o n t  of t he  test sec t ion .  When the  30" body was t e s t e d  a lone  i n  the  

a f t  l o c a t i o n  of t he  test sec t ion ,  t he  va lue  of %/q increased  by about 

7 percent .  

experiment and theory of t he  change i n  wave drag from t h e  nonin ter fe rence  

case, thus ,  avoiding the  problem of tunnel  l o c a t i o n  of t he  30" body. 

F igure  16 con ta ins  a comparison of h / q  between experiment and 

b / q .  One poss ib l e  ex-,lanation f o r  

h / q  f o r  t h e  

In t h e  fol lowing s e c t i o n s ,  comparisons w i l l  be made between 

t h e o r i e s  f o r  t h e  bodies alone. Note the  good agreement between PAY AIR, 

'Lighthill,  and experiment. However, FFWD overest imated k / q  by about 

1 9  percent  f o r  t he  30" body and by 24 percent  f o r  t he  cut-off body. 

This  l a r g e  d i f f e r e n c e  between FFWD and experiment f o r  the  noninter-  

f e r i n g  bodies can be analyzed on the  b a s i s  of some previous experimental  

r e s u l t s  of bodies a lone.  Reference 23 con ta ins  some experimental  results 
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of cut-off Sears-Haack bodies with E/dmax = 7 ,  10, and 13 a t  %ch numbers 

ranging from 0.6 t o  4.0. After  modeling these  bodies i n  the L i g h t h i l l  

method, PAN A I R ,  and FFWD, the  r e s u l t s  were compared t o  experimental  

values  from re fe rence  23. 

(PAN A I R ,  FFWD, L i g h t h i l l )  and experiment of 

f o r  each of t he  t h r e e  bodies. Note t h a t  as R/d,, i s  inc reased ,  a l l  

Figure 17 shows a comparison between theory 

C b  ver sus  Mach number 

t h e o r i e s  agree b e t t e r  with the experiment. 

I/'dma, = 13, which is about t h e  same f i n e n e s s  r a t i o  as t h e  bodies used 

Consider t he  body with 

i n  t h i s  study. A t  Mach 2 .7 ,  PAN A I R  seems t o  do a good job p r e d i c t i n g  

t h e  wave drag of t h i s  body; however, FFWD appears t o  overest imate  the 

drag by about 25 percent .  Thus, t he  high p r e d i c t i o n  of &/q by FFWD 

f o r  the 30" body and the  cut-off body i s  r e l a t e d  t o  t h e  low f i n e n e s s  

r a t i o s  of t h e  bodies. One would expect FFWD t o  cont inue t o  improve wi th  

higher  f ineness  r a t i o  bodies,  such as those nonnally used i n  supe r son ic  

c r u i s e  veh ic l e s .  In t h e  experiment, t h e  bodies used had about as high a 

f ineness  r a t i o  a s . p o s s i b l e  and, y e t ,  produce enough drag t o  be measured 

t o  the needed accuracy. 

Also shown i n  f i g u r e  16 are t h e  estimates of &/q by FFWD and PAN 

A I R  f o r  a body of t w i c e  t he  volume and same l e n g t h  (It/d,, = 10.3). Note 

the l a r g e  d i f f e r e n c e  i n  t h e  estimates of DJq 'by t h e  two t h e o r i e s .  This 

i s  due t o  the very low f i n e n e s s  r a t i o  of t he  body (see f i g u r e  1 7 ) .  In 

g e n e r a l ,  according t o  slender-body theory ( r e f .  22),  t h e  drag of a Sears- 

b a c k  body can be w i t t e n  as: 

2 2 6 4 V b  P w V m  
D, = I7K4 
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o r  
D w / q  = - 1 2 8 v b 2  (15) 

%en, using equat ions  (15) and ( 9 b ) ,  t he  wave drag c o e f f i c i e n t  b a s e d  on 

E 9 4  

t h e  maximum c ross - sec t iona l  a r ea )  can be b y i t t e n  as: 

Thus, i f  t he  volume of t he  body i s  doubled, wnile  :he l e n g t h  remains 

c o n s t a n t ,  Cow i s  a l s o  doubled whi le  &/q i n c r e a s e s  fou r  t i m e s .  Note 

that 

i s  d i f f e r e n t  f o r  t he  two bodies being compared ( t h e  body wi th  twice the  

volume has a nax imum c ross - sec t iona l  a r e a  twice t h a t  of t he  o t h e r  body). 

The ex7erimental d a t a  i n  f i g u r e  17 suppor t s  t h e  conclus ion  t h a t  doubl ing 

C b  i s  based on the  maximum c ross - sec t iona l  a r e a  of tne body which 

t h e  volume of a body while holding t h e  l e n g t h  cons t an t  doubles  t h e  va lue  

of Cb. Doubling t h e  volume, while keeping  t h e  l e n g t h  conscant ,  of a 

body wi th  an L/d,, of 10 y i e l d s  a body wich an n / b X  of about 7. 

Notice, that t h e  va lues  of Cb f o r  t he  body wi th  L/dmax = 7 are 

approximately double t h e  

Therefore ,  a reasonable  e s t ima te  of h / q  f o r  a body wi th  m i c e  t h e  

volume of t h e  30" body would be ( 4  x -15) .60 i n2 .  Thus, a twin-body 

c o n f i g u r a t i o n  without  any i n c e r f e r e n c e  e f f e c t s  'nas approximately ha l f  

t h e  wave drag  of a s i n g l e  body wi th  equa l  volume and same leng th .  

\ v a l u e s  f o r  t he  body with L/dmx = 10. 

I n t e r f e r e n c e  E f f e c t s ,  General  Types 

Before ana lyz ing  actual c o n f i g u r a t i o n s ,  cons ider  some of t h e  

g e n e r a l  t ypes  of i n t e r f e r e n c e  e f f e c t s .  I n  t h e s e  cases ,  a g iven  body and 
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t h e  e f fec t  of a shock impingement on t h a t  body will be discussed. A l l  

of  the pressure d i s t r i b u t i o n s  shown are taken from experimental  da t a  at  

2 3 00. 

F i r s t ,  an unfavorable shock e f f e c t  c o n s i s t i n g  of a shock impinge- 

ment on the  forward-facing s lope (o r  p o s i t i v e  s lope )  of the body w i l l  be 

considered. Figure 18 shows a t y p i c a l  change i n  the  pressure d i s t r i b u -  

t i o n  due to the  in f luence  of a shock s t r i k i n g  the  f r o n t  of the body. 

Note, at the po in t  of shock impingement the  f l u i d  is compressed, causing 

a n  inc rease  i n  p re s su re ,  after which expansion of t he  f l u i d  t akes  place.  

Thus, the e f f e c t  on the p re s su re  d i s t r i b u t i o n  is an i n c r e a s e  i n  p re s su re  

on the forward end of the body (where t h e  s lope  of t h e  body s u r f a c e  i s  

p o s i t i v e )  and a decrease i n  p re s su re  on t h e  back end of t he  body (where 

\ 

t h e  slope of the body s u r f a c e  i s  nega t ive ) .  Both of t hese  changes i n  

t h e  pressure d i s t r i b u t i o n  r e s u l t  i n  an i n c r e a s e  i n  drag of the body and, 

hence, an unfavorable e f f e c t .  

A shock impingement at the  back end of the body produces a more 

favorab le  e f f e c t .  Figure 19 shows t h e  change i n  t h e  p re s su re  d i s t r i b u -  

t i o n  due t o  a shock s t r i k i n g  the  a f t  end of t he  body. Again, at t h e  

po in t  of shock impingement, t he  f l u i d  i s  compressed and then expanded. 

The e f f e c t  i s  an i n c r e a s e  i n  p re s su re  on t h e  back end of t he  body 

r e s u l t i n g ,  more f avorab ly ,  i n  a dec rease  i n  drag. 

F i n a l l y ,  consider  the e f f e c t  of a shock passing i n  f r o n t  of the 

body. Here, t he re  a r e  two cases t o  cons ide r .  The f i r s t  i s  shown i n  

f i g u r e  20, where the shock passes a cons ide rab le  d i s t a n c e  i n  f r o n t  of 

t h e  body. Note, the decrease i n  p re s su re  on the  f r o n t  end of the body 
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at ? = 00. This decrease i n  pressure  y i e l d s  the  favorable  e f f e c t  of 

reducing che drag. As t h e  shock moves c l o s e r  t o  the  body, as shown i n  

f i g u r e  21, an unfavorable e f f e c t  t akes  place.  The pressure  is  increased  

on the  f r o n t  end of t he  body f o r  f = Oo and decreased on t he  back end of 

t h e  body r e s u l t i n g  i n  increased drag. The e f f e c t  on the  o ther  l i n e s  of 

p re s su re  f o r  t hese  two cases w i l l  be shown later. 

Some of the  b a s i c  types of i n t e r f e r e n c e  and t h e i r  e f f e c t  on t he  drag 

of t he  body have been considered. It should be noted, however, t h a t  i n  

some cases m r e  than one e f f e c t ,  a t  one t i m e ,  can occur. This is due t o  

t h e  presence of the  nose shock and t a i l  shock. Also, f o r  very c l o s e  

s e p a r a t i o n s ,  shock r e f l e c t i o n s  must be considered. These d i f f e r e n t  

i n t e r f e r e n c e  e f f e c t s  w i l l  be r e f e r r e d  t o  throughout t he  d i scuss ions  of 

wave drag versus  r e l a t i v e  pos i t i on  of t he  bodies. 

Wave Drag Versus L a t e r d l  Separa t ion  

Consider t he  change i n  wave drag when sepa ra t ing  the  bodies 

l a t e r a l l y .  In t h i s  case ,  only the  e f f e c t  of t h e  nose shock (and poss ib ly  

i t s  r e f l e c t i o n s )  need be considered. See f i g u r e  22 f o r  t h e  cases con- 

s idered .  F i r s t ,  some of t he  experimental ly  measured pressure  d i s t r i b u t i o n s  

w i l l  be discussed ( f i g u r e s  23, 24, 28 and 29) and compared to t he  PAN AIR 

p re s su re  d i s t r i b u t i o n s  ( f i g u r e s  26, 27, 30 and 31) .  F i n a l l y ,  comparisons 

between experimental  and t h e o r e t i c a l  wave drag results w i l l  be made f o r  

each of t ne  bodies sepa ra t e ly  and f o r  t he  t o t a l  conf igura t ion  ( f i g u r e s  32, 

33, and 34j .  

To i l l u s t r a t e  t he  e f f e c t  of t he  nose shock (and poss ib ly  i t s  

r e f l e c t i o n s ) ,  f i g u r e  23 contains  p re s su re  d i s t r i b u t i o n s  f o r  d i f f e r e n t  
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sepa ra t ions  a t  d i f f e r e n t  values  of 5. Figure 23(a)  shows a p r e s s u r e  

d i s t r i b u t i o n  f o r  SEPIR = .50, an in t e r f e rence - f r ee  case ( s e e  f i g u r e  22). 

Thus, no e f f e c t s  from the  o t h e r  body are seer. i n  e i t h e r  p re s su re  d i s t r i -  

bution. The e f f e c t  seen at the  t a i l  end of the body i s  due t o  t h e  blade 

support ,  which is  discussed i n  the  Bodies-Alone s e c t i o n .  It should be 

noted t h a t  t he  blade support  e f f e c t  i s  contained i n  a l l  t he  pressure 

d i s t r i b u t i o n s  shown i n  f i g u r e s  23 through 27. In f i g u r e  23 (b ) ,  ds t he  

bodies are moved t o  the c l o s e r  SEP/R of .40,  t he  shock now appears a t  

t h e  t a i l  end of t he  body. As t he  bodies are moved c l o s e r ,  s t i l l ,  as i n  

f i g u r e s  23 (c ) ,  23(d),  and 23 (e ) ,  t h e  shock moves forward on the  body. 

Consider f i g u r e  23(d) as an example demonstrating t h e  shock wrapping 

around the body. Note, t h a t  as the  shock spreads around t h e  body, t h e  

l o c a t i o n  of t he  shock moves rearward and i t s  e f f e c t  is diminished. For 

6 = 1.9O, i n  f i g u r e  23(d) ,  t h e  shock i s  l o c a t e d  at about x - 12" and 

causes a change in 5 of about .04 at  t h e  peak. As 8 i s  increased t o  

71.1°, t h e  shock l o c a t i o n  has moved rearward t o  approximately x = 14" 

wi th  a smaller change i n  5 of about .02 a t  t h e  peak. As t h e  shock 

wraps even f u r t h e r  around the  body, t o  a 8 of 161.1°, Its  e f f e c t  i s  

l oca t ed  even f u r t h e r  rearward and i s  very small. Figures  23 (b ) ,  2 3 ( c ) ,  

and 23(e)  a l s o  demonstrate t h i s  e f f e c t .  

Figure 23(e) shows the e x i s t e n c e  of a shock r e f l e c t i o n .  This shock 

r e f l e c t i o n  is a r e s u l t  of t h e  nose shock of t h e  30" body r e f l e c t i n g  off  

t h e  cut-off body (see f i g u r e  22). Note, t h a t  t h e  r e f l e c t e d  shock, which 

wraps around the body y i e l d i n g  a s i m i l a r  effect  t o  t h e  p re s su re  d i s t r i -  

but ion as discussed above, is i n i t i a l l y  m c h  weaker than t h e  nose shock 
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(it nas less of an e f f e c t  on the pressure  d i s t r i b u t i o n ) .  This r e f l e c t e d  

shock i s  weaker because i t  t r a v e l s  a f u r t h e r  d i s t ance  than the  nose shock 

and, also,  because i t  is r e f l ec t ed .  Consider f i g u r e  24, where pressure  

d i s t r i b u t i o n s ,  f o r  very c lose  tt cons tan t  5( 8 = lo t o  3O), of d i f f e r e n t  

s epa ra t ions  are given. Note, as shown i n  f i b r e s  25(a) ,  and 25(b) that 

as the  sepa ra t ion  d i s t ance  is increased ( t h e  d i s t ance  the  shock t r a v e l s  

i s  inc reased ) ,  t he  change i n  5 due t o  t h e  shock decreases.  Note, a l s o ,  

that t h e  r e f l e c t e d  shock has less e f f e c t  on the  pressure  d i s t r i b u t i o n  than  

a shock t h a t  is not r e f l e c t e d  and t r a v e l s  t he  same dis tance.  Tnus, i n  

d i scuss ing  some of the  e f f e c t s  of t he  shock, it has been demonstrated 

that as the  shock wraps around t h e  body . i t  moves rearward and i t s  e f f e c t  

i s  diminished. It has a l s o  been shown tha t  a shock is weakened the  

f u r t h e r  i t  t r a v e l s  and, 

Before consider ing 

these  shocks, f i g u r e  26 

also, when i t  is  re f l ec t ed .  

t he  a c t u a l  change i n  wave drag r e s u l t i n g  from 

shows a comparison between PAN AIR and experiment 

of some of the more i n t e r e s t i n g  pressure  d i s t r i b u t i o n s .  Consider, f i r s t ,  

f i g u r e  26(a)  where pressure  d i s t r i b u t i o n s  are given f o r  SEP/t = -300. 

Note how PAN AIR agrees  with the  experiment f a i r l y  ell, including  t h e  

magnitude of t he  shock dis turbance;  however, i t s  p red ic t ion  of the  a c t u a l  

l o c a t i o n  of the- shock seems t o  be displaced.  This is due t o  the  p red ic t ion  

of t he  shock path using the  Mach l i n e  by PAN AIR. PAN AIR'S pred ic t ion  of 

shock loca t ion  g e t s  better as t h e  bodies get  c l o s e r  toge ther  and t h e  

d i s t a n c e  the  shock t r a v e l s  decreases ( f i g u r e  26(b) and 26(c)) .  It might 

be poss ib le  t o  ad jus t  PAN AIR f o r  this d i f f e r e n c e  i n  shock l o c a t i o n  as 

shown i n  f i g u r e  27, Here the PAN AIR pressure  d i s t r i b u t i o n  f o r  
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SZP/R = , 2 6 7  shows good agreement i n  shock l o c a t i o n  with the experimental  

r e s u l t s  f o r  SEP/R - .300. Also, snown i n  f i g u r e s  26(a) ,  26(b) ,  and 2 6 ( c ) ,  

i s  t h a t  PAN AIR's pressure d i s t r i b u t i o n  p r e d i c t i o n  tends t o  become worse 

as the shock wraps  around the  body. As discussed i n  the Bodies-Alone 

s e c t i o n ,  PAS AIR's p r e d i c t i o n  of t he  e f f e c t  of t he  shock as it wraps 

around the body i s  highly dependent on panel d e n s i t y ;  and, with the  

c u r r e n t  t o t a l  panel number l i m i t a t i o n s ,  t he  PAN AIR model generated uses 

c l o s e  t o  t h e  maximum number of panels allowed. One more comparison t o  

consider  might involve the  shock r e f l e c t i o n  shown i n  f i g u r e  26(c) .  PAN 

AIR seems t o  do a f a i r  j ob  i n  p r e d i c t i n g  the  e x i s t e n c e  of t he  r e f l e c t e d  

shock; however, s i n c e  t h i s  shock has t r a v e l l e d  f u r t h e r  than t h e  nose 

shock from the  f o r c e  body, PAN A I R  misses i n  p r e d i c t i n g  i t s  l o c a t i o n .  

Using t h e  blade c o r r e c t i o n  descr ibed i n  t h e  Bodies-Alone s e c t i o n ,  

t h e  pressure d i s t r i b u t i o n s  contained i n  f i g u r e s  23, 24, 26, and 27 were 

ad jus t ed  and are shown i n  f i g u r e s  28, 29, 30 and 31, r e s p e c t i v e l y .  Making 

t h i s  adjustment assumes t h a t  t h e  t o t a l  e f f e c t  from two d i f f e r e n t  shocks 

(from two d i f f e r e n t  sou rces )  i s  t h e  sum of each e f f e c t  i n d i v i d u a l l y .  As 

can be seen from the  p re s su re  d i s t r i b u t i o n s  i n  f i g u r e s  30 and 31, t h i s  

assumption seems t o  y i e l d  good agreement between experiment and PAN AIR 

on the back end-of the body. The same conclusions drawn from f i g u r e s  23 

through 27 can now be seen from f i g u r e s  28 through 31 without  t h e  e f f ec t  

due t o  the blade complicating t h e  p re s su re  d i s t r i b u t i o n .  

Figures  32 through 34 show the r e s u l t i n g  changes i n  wave drag of t he  

bodies as they are sepa ra t ed .  In a l l  t h r e e  f i g u r e s ,  A&/&o ( t h e  change 

i n  wave drag from the  non in te r f e rence  case d iv ided  by t h e  wave drag of t h e  
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nonin ter fe rence  case)  i s  p lo t t ed  aga ins t  t he  sepa ra t ion  of t h e  bodies i n  

body lengths  (e = 3 0 " ) .  Figures 32 and 33 show t h e  e f f e c t s  on the  30" 

body and cut-off body, respeczively;  while f i g u r e  34 combines the  two 

bodies t o  show the  e f f e c t  on tne e n t i r e  conf igura t ion .  Remember, when 

consider ing f i g u r e s  32 through 34 ,  t h a t  the  wave drag of t he  30" body is  

obtained by i n t e g r a t i n g  t h e  proper component of t he  p re s su res ,  while t h e  

wave drag of the  cut-off body is obtained from f o r c e  d a t a  measured by the  

balance (see the  WIND TUNNEL and DATA REDUCTION s e c t i o n s ) .  

By consider ing f i g u r e  24 (or f i g u r e  291,  t he  r e s u l t i n g  experimental  

wave drag t rends  i n  f i g u r e s  32 through 34 can be understood. Consider, 

f i r s t l y ,  t he  t rend  .shown by the experimental  d a t a  of f i g u r e  32 i n  con- 

j u n c t i o n  with f i g u r e  24 ,  S t a r t i n g  a l l  the  way t o  t he  r i g h t  of f i g u r e  32 

a t  SFLP/~ = -50 ,  an in te r fe rence- f ree  case ( see  f i g u r e  2 2 ) ,  t h e r e  is no 

change in t he  wave drag. As the  bodies are moved c l o s e r  t oge the r ,  at 

SEPII1 - . 40 ,  t he  shock is now impinging at  t h e  rear end of the  body 

( f i g u r e  2 4 )  causing the  wave drag t o  decrease (see the  s e c t i o n  on t h e  

I n t e r f e r e n c e  E f f e c t s ,  General Types) as shown i n  f i g u r e  32.  As the  

bodies mDve st i l l  c l o s e r  together  u n t i l  SEPII1 = -30, t he  shock impinges 

on the  body where i t  has i t s  most favorable  e f f e c t  (see both f i g u r e  24 

and 3 2 ) .  Moving t h e  bodies c l o s e r  toge ther  causes  the  shock t o  progress  

forward on the  30" body and the  wave drag t o  rise. 

shock l o c a t i o n  has moved j u s t  forward of t he  cen te r  of the  body (see  

f i g u r e  2 4 )  t o  the  pos i t i ve  s lope of the  body; t h i s  causes an inc rease  i n  

t h e  drag. As the  bodies are moved even c l o s e r  toge ther ,  t h e  shock con- 

t i n u e s  t o  move forward on the 30" body and t o  hit a greater sloped 

At S€P/a = -20 t h e  
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surface causing a f u r t h e r  i nc rease  i n  wave drag. The t r end  depicted i n  

f i g u r e  33 can be explained s i m i l a r l y ;  however, s i n c e  t h e  body i s  now cut  

o f f  a t  t he  back, the bodies must be moved s l i g h t l y  c l o s e r  t oge the r  

before  shock impingement on the back end of t he  cut-off body occurs. 

I n  a l l  t h r e e  f i g u r e s  (32 through 3 4 ) ,  comparisons are made between 

both PAN AIR and FFWD t h e o r i e s  with experiments1 data .  Both PAN AIR and 

FFWD seem t o  do a good job  i n  p r e d i c t i n g  t h e  areas of f avorab le  i n t e r f e r -  

ence and the  changes i n  wave drag a s s o c i a t e d  wi th  t h e  r e l a t i v e  l o c a t i o n s  

of the bodies. Notice, however, t h a t  t he  t h e o r e t i c a l  t r ends  seem t o  be 

s h i f t e d  s l i g h t l y  t o  t h e  l e f t  of t he  experimental  t rends.  This i s  due t o  

t h e  p red ic t ion  of the shock pa th  using t h e  Mach l i n e  by ?AN AIR,  and the  

use of Mach l i n e s  i n  c a l c u l a t i n g  t h e  area d i s t r i b u t i o n s  by FFWD theory.  

In each of the  f i g u r e s  32, 33, and 34, t h e  PAN AIR and FFWD curves have 

been adjusted due t o  this d i f f e r e n c e  i n  shock pa th  and Mach l i n e  (more 

f o r  the l a r g e r  s e p a r a t i o n s  and less as t h e  bodies g e t  c l o s e r  t o g e t h e r ) .  

The agreement between the experiment and both a d j u s t e d  t h e o r i e s  i s  very 

good. For the c l o s e r  s e p a r a t i o n s ,  PAN AIR seems t o  do a s l i g h t l y  better 

j o b  than FFWD i n  p r e d i c t i n g  t h e  drag of t h e  30" body and t h e  e n t i r e  con- 

f i g u r a t i o n .  Note t h a t  when consider ing j u s t  l a te ra l  s e p a r a t i o n  of t h e s e  

bodies ,  the optimum conf igu ra t ion  i s  a t  approximately a SEP/!L of .30 

r e s u l t i n g  i n  about a 12.5 percent  decrease i n  wave drag. 

The summary of the type of experimental  d a t a  gathered and t h e  type 

of output da t a  from the t h e o r e t i c a l  programs, given a t  t h e  beginning Of 

t he  RESULTS AND ANALYSIS s e c t i o n ,  shows t h a t  FFWD ou tpu t s  only t h e  Wave 

drag of the e n t i r e  conf igu ra t ion .  However, comparisons were j u s t  
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examined, between FFWD and experiment, of t he  wave drag of each of t he  

bodies s e p e r a t e l y  versus  SEPIP. Thus, wave drag estimates of each of 

t h e  bodies s e p a r a t e l y  versus  S Q / A  must be obtained from FFkl). These 

estimates were obtained i n  t h e  fol lowing manner. 

as p red ic t ed  by FFWD, of the  30” body and t h e  cu t -o f f  body under t h e  

i n f l u e n c e  of each o the r  (configurat ion 11, 

The t o t a l  wave drag, 

bl, can be w r i t t e n  as: 

where &(30)1 i s  t h e  wave drag of t he  30” body under t h e  in f luence  of 

t h e  cut-off body and 

t h e  in f luence  of t h e  30” body. 

b ( c o ) l  is  t h e  wave drag of t h e  cut-off body under 

Next, t h e  wave drag is obtained from 

FFWD of two twin 30” Sears-&a& bodies, 

p re s su re  body of t he  experiment ( conf igu ra t ion  2 ) ,  ver sus  SEP/L, 

k2, each i d e n t i c a l  t o  t h e  30” 

Then 

where &(30)2 is the  wave drag of t h e  30” body under t h e  in f luence  of 

t h e  30” body. Thus, 

Next, assume t h a t  t he  wave drag of t he  30” body, at a given S E P l i ,  i s  

the same i n  both conf igu ra t ions  1 and 2. In  o the r  words, that t h e  wave 

drag of t h e  30” body under the  inf luence of an i d e n t i c a l  30” body, 

DJ30l2, is the  same as the wave drag of t he  30” body under t h e  in f luence  

of t he  cut-off body, &(30)1, at any given SEP/&, This assumption can 

be w r i t t e n  as: 
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This  i s  a v a l i d  assumption, when consider ing j u s t  s e p a r a t i o n  of t h e  

bodies ,  s ince  only the  nose shock from t h e  o the r  body i s  in f luenc ing  t n e  

30" body, and t h i s  nose shock will be t h e  same whether i t  o r i g i n a t e s  from 

an i d e n t i c a l  30" body o r  t he  cut-off body. Then, from equat ions (19)  

and (20) 

&,(30)1 = 1/2 b2 (21) 

F i n a l l y ,  from equat ions (23) and ( 2 7 )  t h e  fol lowing r e l a t i o n  can be 

w r i t t e n :  

DW(CO)l - Qq - v 2  4J2 ( 2 2 )  

Thus, equations (21 )  and (22)  give,  a t  a given SEPI11, t h e  wave drag of 

t he  30" pressure body under the  i n f l u e n c e  of t h e  cut-off body and the  

wave drag of the cut-off body under t h e  in f luence  of t h e  30" p res su re  

body, r e s p e c t i v e l y ,  i n  terms of d a t a  output  from FFWD. 

When consider ing f i g u r e s  32, 33, and 34, recall t h a t  i n  t h e  Bodies- 

Alone s e c t i o n  FFWD overestimated h/q 

t o  the low f i n e n e s s  r a t i o  bodies used. Thus, t h e  a c t u a l  wave drag of 

the bodies i n  m t u a l  i n t e r f e r e n c e  will a l s o  be overest imated by FFWD; 

however, the percentage change i n  wave d r a g  p red ic t ed  by FFWD of the  

bodies i n  mutual i n t e r f e r e n c e  agrees  very w e l l  wi th  theory as shown i n  

f i g u r e s  32, 33, and 34. 

of each of t h e  bodies a lone due 

Thus, t he  r e s u l t i n g  t r ends  i n  wave drag ve r sus  s e p a r a t i o n  of t he  

bodies and the  e f f e c t i v e n e s s  of each of t h e  t h e o r i e s  i n  p r e d i c t i n g  t h e s e  
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t r ends  have been discussed.  It has been shown t h a t  the  wave drag is 

g r e a t e r  than o r  less than the  nonin ter fe rence  case when t h e  shock impinge- 

ment is  loca ted  on the  forward or  a f t  p a r t  of t he  body, r e spec t ive ly .  

When consider ing j u s t  s epa ra t ion  of the  bodies, t h e  opt imal  conf igu ra t ion  

occurs  at a S E P l I  of about .30 r e s u l t i n g  i n  a 12.5 percent  r educ t ion  i n  

wave drag. Also shown was t h a t  both PAN AIR and F'FWD p r e d i c t  t h e s e  areas 

of favorable  i n t e r f e r e n c e ,  inc luding  t h e  magnitude of t he  wave drag 

change, quite vell. However, when both t h e o r i e s  were ad jus t ed  due t o  

the  d i f f e r e n c e  between the  Mach l i n e  and shock path,  they agree  even 

more c lose ly  with t h e  experimental  r e s u l t s .  

Wave Drag Versus Longi tudinal  Skew a t  Two D i f f e r e n t  Separa t ions  

I n  this s e c t i o n ,  the e f f e c t  of s k e w  (o r  l o n g i t u d i n a l  displacement)  

on the  wave drag of t he  bodies w i l l  be examined. Again, experimental  

r e s u l t s  w i l l  be shown wi th  comparisons made between the  experimental  

d a t a  and the  da t a  pred ic ted  by the  t h e o r e t i c a l  techniques (PAN AIR and 

FFWD). This a n a l y s i s  w i l l  be done at  SEP/l = .40 and SEP/2 = .20. 

For S E P / t  - .40, t he  se tup  i s  shown i n  f i g u r e  35 with  experimental  

and t h e o r e t i c a l  r e s u l t s  shown i n  f i g u r e s  36 through 41. Figure 36 shows 

t h e  experimental  p re s su re  d i s t r i b u t i o n s ,  a t  e = 00, f o r  e i g h t  d i f f e r e n t  

s k e w s .  Figure 37 shows experimental  p re s su re  d i s t r i b u t i o n s  around the  

body f o r  SKEW/2 = -1.2. Figure 38 con ta ins  pressure  d i s t r i b u t i o n  com- 

pa r i sons  between experiment and PAN AIR f o r  S K E W l a  = -.60, -1.00, -1.20, 

and -1.40. Comparisons between both t h e o r i e s  and experiment of AI+&,,o 

versus  SKEWl I ,  f o r  t h e  30" body, t he  cut-off body, and t h e  e n t i r e  configu- 

r a t i o n  are shown i n  f i g u r e s  39, 40 and 41, r e spec t ive ly .  
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To understand t h e  t rend shown by t h e  experimental  d a t a  i n  f i g u r e  39 

(&/bo versus SKEW/t, f o r  SEP/I1 = .40, of the 30" body), consider  

f i g u r e s  36 and 39. For a SKEW/I1 of 0, t he  wave drag i s  decreased s l i g h t l y  

from the noninterference case ( f i g u r e  39) due t o  the  nose shock of t h e  

cut-off body impinging on the  extreme t a i l  end of t he  30" body ( f i g u r e  36). 

As SKEW/R becomes more nega t ive ,  t he  nose shock impingement progresses  

forward on the 30" body. A t  a SKEW/i of -.20, a l o c a l  minimum in t h e  

wave drag of the 30" body is reached ( f i g u r e  39). As t h e  f o r c e  body is 

displaced f u r t h e r  forward (SKEWlJ! becomes more n e g a t i v e ) ,  t h e  shock moves 

forward on the body and causes the  wave drag t o  inc rease .  A t  a SKEW/11 

of -.60, t he  shock has moved t o  the  forward f a c i n g  s l o p e  of t he  30" body 

inc reas ing  i t s  drag above t h a t  of t h e  non in te r f e rence  case. The shock 

l o c a t i o n  on the  f r o n t  p a r t  of t h e  body, r e s u l t i n g  from a S K E W / l t  of -.80, 

y i e l d s  a maximum i n c r e a s e  of about 24 percent  i n  t h e  wave drag of t h e  

30" body. As t he  cut-off body i s  moved forward t o  a SKEW/J! of -1.00, 

t h e  nose shock from the  cut-off body passes  j u s t  i n  f r o n t  of t h e  30" bcdy. 

This causes the p re s su re  t o  be e l e v a t e d  nea r  t h e  nose of t h e  30" body. 

Not shown i n  t he  experimental  d a t a  is a ueak shock o r i g i n a t i n g  from the  

t a i l  of the cut-off body s t r i k i n g  t h e  back of t h e  30" body when SKEW/i 

= -1.00. This e f f e c t  was masked by i n t e r f e r e n c e  from t h e  model support  

apparatus  ( t h i s  is why some of t h e  symbols are f lagged i n  f i g u r e  39). 

To ge t  an i d e a  of the e f f e c t  of t he  t a i l  shock, see t h e  p re s su re  d i s t r i -  

but ion predicted by PAN AI2 a t  a S m / R  of -1.00 i n  f i g u r e  38. The 

e f f e c t  of t h i s  weak shock s t r i k i n g  t h e  back end i s  t o  dec rease  t h e  drag 

of the 30" body. Thus, a t  a SKEw/L of -1.00 t h e r e  are two effects 
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counterac t ing  each o ther .  As the cur-off body i s  moved f u r t h e r  forward, 

t o  a SKEXII1 of -1.20, depression of t he  pressure  on the  f r o n t  end of t h e  

30” body f o r  8 - 00 occurs (see f i g u r e  36(b) ) .  However, as this 

e f f e c t  spreads around the  body the  depress ion  of pressure  near  t h e  nose 

of t he  body is  not as g r e a t  (see f i g u r e  37). 

near  t h e  nose, combined with the favorable  tail-shock e f f e c t  (according 

t o  PAN AIR, f i g u r e  38) decreases  the  drag of t h e  30” body. Note, a t  a 

SKEWII1 of -1.40 t h e  t a i l  shock now y i e l d s  an unfavorable e f f e c t  according 

t o  PAN AXR ( s e e  f i g u r e  38); however, f u r t h e r  depression of the  pressure  

on t he  nose of t he  body has occurred. This results i s  an o v e r a l l  favor- 

a b l e  e f f e c t  on the  drag of the 30” body (consider  t he  gene ra l  t rend  s h a m  

by experiment and theory i n  f igu re  39). When consider ing f i g u r e  39, a 

comment about t he  two l o c a l  minimums of t h e  genera l  t rend  should be made. 

Consider t he  genera l  t rend  shown by t he  experiment and theory ,  even though 

some of the  experimental  da t a  conta ins  i n t e r f e r e n c e  due t o  model support  

apparatus .  The f i r s t  l o c a l  minimum, at SKEWlk = -.20, is  a result of 

t he  nose shock from t h e  cut-off  body s t r i k i n g  t h e  tai l  of t he  30” body. 

The second local  minimum, at  SKEWIk - -1.20, i s  a result of t h e  nose 

shock of t h e  cut-off body passing in f r o n t  of the 30” body causing a 

depress ion  of the  pressure on t h e  f r o n t  of t he  body. These are the  two 

This depress ion  of pressure  

b a s i c  favorable  e f f e c t s  discussed i n  t h e  s e c t i o n  e n t i t l e d  In t e r f e rence  

E f f e c t s  , General Types. 

A very s i m i l a r  curve is shown in f i g u r e  40 f o r  A b / % ,  of the  

cu t -o f f  body versus  pos i t i ve  SKEW/11. However, due t o  t h e  cut-off body 

being t runca ted  a t  t h e  rear, any e f f e c t  due t o  a change i n  pressure  on 
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t he  t a i l  end of the cut-off body i s  smaller than the  similar e f f e c t  on 

t h e  30" body. This i s  due to t h e  cut-off body having less negat ive (or 

rearward) facing su r face  area. Also, any percentage change i n  wave 

drag due t o  a change i n  p re s su re  on t h e  f r c n t  end of t he  cut-off body 

i s  l a r g e r  than the  s i d l a r  e f f e c t  on t h e  30" body. This i s  simply due 

to t he  cut-off body having less t o t a l  wave drag than t h e  30" body. Thus, 

similar changes i n  wave drag will y i e l d  a l a r g e r  percentage change i n  

wave drag f o r  the cut-off body than f o r  the 30" body. 

Combining the d a t a  of f i g u r e s  39 and 40 y i e l d s  the  r e s u l t s  shown i n  

f i g u r e  41. Here t he  f r a c t i o n a l  change i n  wave drag of t he  e n t i r e  config- 

u r a t i o n  versus  SKEW/L a t  a SEP/& of .40 is p l o t t e d .  Note how the  curve 

i s  near ly  symmetric with r e spec t  t o  t h e  v e r t i c a l  axis due t o  t h e  similar 

e f f e c t s  on each body f o r  d i f f e r e n t  d i r e c t i o n s  of SKEW. However, t h e  

d i f f e r e n c e  between the  two ha lves  of t h e  curves results from one of t h e  

bodies being cut o f f .  Note, t h a t  skews of p o s i t i v e  and nega t ive  two- 

t e n t h s  of a body l e n g t h  y i e l d  about a 4 pe rcen t  and 6 percent  dec rease  

i n  wave drag of t he  conf igu ra t ion  from t h e  non in te r f e rence  case, 

r e spec t ive ly .  The l a r g e r  skews of p o s i t i v e  and nega t ive  1.4 body l e n g t h s  

r e s u l t  i n  l a r g e r  r educ t ions  i n  wave drag from t h e  non in te r f e rence  case. 

(Note t h a t  a t  t h e  l a r g e  negat ive va lues  of SKEW/R t h e  experimental  r e s u l t s  

con ta in  in t e r f e rence .  However, t he  t h e o r e t i c a l  r e s u l t s  support  t h e  l as t  

conclusion.)  

Figure 38 shows a comparison between experiment and PAN AIR f o r  

f o u r  d i f f e r e n t  skews a t  a SEPIA of .40 and c o n s t a n t  e of 00. The f i r s t  

comparison, a t  a SKEWIL of -.60, shows t h e  e x i s t e n c e  of a nose shock 
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impinging on the body a t  about x - 9" .  This comparison i s  similar t o  

ones shown i n  the  previous sec t ion  where PAN AIR agrees  w i t h  t he  experi-  

mental p ressure  d i s t r i b u t i o n  q u i t e  w e l l  inc luding  t h e  magnitude of the  

pressure  peak caused by the shock. Consider t h e  o t h e r  th ree  p re s su re  

d i s t r i b u t i o n  comparisons between experiment and PAN AIR (SICEWl2 = -1.00, 

-1 .20,  -1.40) where changes i n  the  experimental  p ressure  d i s t r i b u t i o n  

near  the  nose of the  30" body had occurred. PAN AIR seems t o  do a f a i r  

j o b  i n  p red ic t ing  these  changes. Notice, however, t h a t  some experimental  

p re s su res  are de le t ed  due t o  i n t e r f e r e n c e  of t he  model support  apparatus.  

Note t h e  good agreement between t h e  t h e o r i e s  and experiment, 

e s p e c i a l l y  between the  adjusted t h e o r i e s  and experiment, i n  f i g u r e s  39, 

40, and 41 where b & / h o  i s  p l o t t e d  a g a i n s t  SKEW/L. Again, both 

t h e o r i e s  p r e d i c t  t h e  same areas  of favorable  in t e r f e rence .  Good agree- 

ment between the  t h e o r i e s  and experiment i s  a l s o  seen when comparing t h e  

magnitude of t h e  f r a c t i o n a l  changes i n  wave drag. 

An a n a l y s i s  similar t o  t h e  one j u s t  discussed can be made at a 

SEPII1  = .ZOO The general  t e s t  se tup  is  shown i n  f i g u r e  42.  A series 

of experimental  p ressure  d i s t r i b u t i o n s  is shown i n  f i g u r e s  43 and 4 4 ,  

w h i l e  comparisons between PAN AIR and experiment of var ious pressure  

d i s t r i b u t i o n s  are shown i n  f i g u r e s  45 and 46. Comparisons between the  

t h e o r i e s  and the  experiment of O L + J h o  

t h e  cu t -o f f  body, and the e n t i r e  conf igura t ion  are shown i n  f i g u r e s  4 7 ,  

48, and 4 9 ,  respec t ive ly .  

versus  SKEW/L f o r  t he  30" body, 

F igures  43 and 44 contain experimental  p re s su re  d i s t r i b u t i o n s  of a 

similar type as discussed previously.  Figure 43 shows how the  pressure  
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d i s t r i b u t i o n ,  f o r  2 Oo and SEPIR = .2O, of t h e  30" body changes as 

SKEW/a v a r i e s  from .SO t o  -.30. Again, as the  cut-off body is  moved 

forward (from SKEW/R = .50 t o  -.30) the  shock o r i g i n a t i n g  from i t s  nose 

progresses  forward on the  30" body, I n  f i g u r e  44,  t h e  movement of t h e  

shock around the body a t  a SKEWlt  of -.30 is depicted.  Again, as t h e  

shock wraps around the  body, it moves rearward and is diminished. 

Shown i n  f i g u r e s  45 and 46 are p res su re  d i s t r i b u t i o n  comparisons 

between experiment and PAN AIR. Figure 45 shows comparisons of p re s su re  

d i s t r i b u t i o n s  f o r  ? Z O O  a t  SKEWII1 = .30, 0,  and -.30. In  f i g u r e  46 

are pressure d i s t r i b u t i o n  comparisons a t  four  d i f f e r e n t  values  of 9 f o r  

SKEW/L = .30. 

A I R  and experiment except t h a t  PAN A I R  d i s p l a c e s  t h e  l o c a t i o n  of t he  

shock rearward. 

As mentioned before ,  agreement is q u i t e  good between PAN 

The r e s u l t i n g  changes i n  wave drag shown i n  t h e  experiment and 

p red ic t ed  by t h e  t h e o r e t i c a l  techniques are i l l u s t r a t e d  i n  f i g u r e s  4 7 ,  

48, and 4 9 .  In each case, A D w / D w o  v e r s u s  S K E W / I I  is p l o t t e d .  In a l l  

t h r e e  p l o t s ,  t h e  f lagged symbols mean unwanted e x t e r n a l  i n t e r f e r e n c e  

from the s idewa l l  blade was present .  Note t h e  good agreement between 

PAN AIR and experiment i n  f i g u r e s  4 7 ,  and 4 8 .  In  both f i g u r e s  47 and 

48, when PAN A I R  i s  co r rec t ed  due t o  i t s  shock l o c a t i o n  s h i f t ,  i t  ag rees  

much better with experimental  da t a .  

experiment a r e  shown f o r  t he  e n t i r e  c o n f i g u r a t i o n  i n  f i g u r e  4 9 .  

t h a t  PAN A I R  and FFWD agree w i t h  each o t h e r  q u i t e  w e l l .  

p r e d i c t  the experimental  t r ends  q u i t e  a c c u r a t e l y .  

Comparisons w i t h  both t h e o r i e s  and 

Note 

Both, a l s o ,  

The co r rec t ed  'PAN A I R  
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curve i n  f i g u r e  49 is taken from the  weighted average of t he  cor rec ted  

P&V AIR curves i n  f i g u r e s  47 and 48. 

To ge t  a better understanding of t h e  unwanted e x t e r n a l  blade 

i n t e r f e r e n c e ,  consider f i g u r e  50. Here, ADJDwo is  again shown versus  

SKEW/l f o r  the  cut-off body at a SEP/X of -20. 

t h e  average experimental  values ,  t h e  values  f o r  each batch are given. 

Note how each batch agrees  very c lose ly  with the  o the r  batches u n t i l  

i n t e r f e r e n c e  from the  blade of the  30" body is present .  The spread i n  

t h e  experimental  values  a f t e r  a SKEW/& of .40 i s  due t o  the  d i f f e rence  

i n  blade i n t e r f e r e n c e  f o r  each batch. A t  each batch, t h e  cut-off body 

i s  at a d i f f e r e n t  A below the  30" body. Thus, t h e  i n t e r f e r e n c e  from 

t h e  blade w i l l  be d i f f e r e n t  for each batch. 

Ins tead  of g iv ing  j u s t  

Wave Drag Versus Shock Location 

The drag data f o r  var ious sepa ra t ions  and skews may be analyzed t o  

show a simple dependence of Ab/bo on both t h e  s t r e n g t h  and l o c a t i o n  

of t he  shock, In f i g u r e  51  values  of A%/&o from the  experiment and 

PAN AIR are p l o t t e d  versus  the shock l o c a t i o n  on t h e  30" body i n  body 

l engths .  The SHOCK LOC, as r e fe r r ed  t o  i n  the  f i g u r e s ,  is def ined  as the  

i n t e r s e c t i o n  of t h e  cu t -of f  body nose shock and the  30" body cen te r l ine .  

Note, t h a t  t he  gene ra l  t rend depends on t h e  shock l o c a t i o n  r a t h e r  than 

the  given S E P l A .  However, fo r  t h e  c l o s e r  s epa ra t ion  ( S E P I X  is  smaller) 

t h e  e f f e c t  of the  shock i s  g r e a t e r  causing l a r g e r  changes i n  wave drag. 

In o ther  words, i f  t h e  e f f e c t  of t he  shock on t he  wave drag i s  favorable  

( f o r  example SHOCK LOC/L = .a), the  decrease i n  drag w i l l  be greater f o r  

t he  c l o s e r  s epa ra t ion  s ince  the  shock is  s t ronger  f o r  the  c l o s e r  separat ion.  
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S i m i l a r l y ,  if the  e f f e c t  of t he  shock on t h e  wave drag i s  unfavorable 

( f o r  example, SHOCK LOC/E - .15) t he  i n c r e a s e  i n  wave drag will be g r e a t e r  

f o r  the c l o s e r  separa:ion. 

Skin F r i c t i o n  Considerat ions 

Up t o  t h i s  p o i n t ,  i t  has been shown t h a t  t he  e x i s t e n c e  of f avorab le  

i n t e r f e r e n c e  e f f e c t s  between two bodies results i n  a decrease i n  wave 

drag compared t o  t h a t  f o r  two in t e r f e rence - f r ee  bodies. 

Alone s e c t i o n ,  t he  wave drag of a two-body system, i n t e r f e r e n c e - f r e e ,  

was shown t o  have half  the wave drag of a s i n g l e  body of equal  volume. 

I n  t he  Bodies- 

However, as comparisons a r e  made between t h i s  two-body system and a 

s i n g l e  body of equal  volume, t h e  s k i n - f r i c t i o n  drag of each system must 

a l s o  be considered, In t h e  Bodies-Alone s e c t i o n  (us ing  s l e n d e r  body 

t h e o r y ) ,  i t  was shown t h a t :  

For a s i n g l e  Sears -back  body le t  

DJ1) = wave drag 
D F ( ~ )  = s k i n  f r i c t i o n  drag 
D(1) = t o t a l  drag 

then,  

D(1) = % ( l )  + DF(1) (24) 

For a Sears -back  body of twice t h e  volume and same l e n g t h  l e t  

Dw(twice) = wave drag of a body of twice t h e  volume 
DF(twice) = s k i n  f r i c t i o n  drag of a body of twice t h e  volume 
Wtwice)  = t o t a l  drag of a body of twice t h e  volume' 

Then 
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Using equat ion  (23) 

Also, s ince  the  wetted a rea  of this Sears -back  body of twice t h e  volume 

has increased by fl over the o r i g i n a l  body, w h i l e  t h e  re ference  l e n g t h  

has remained cons tan t ,  use the fol lowing approximation f o r  DF ( twice) :  

DF(twice) = Jz- DF(1) (27)  

Theref o r e  : 

For two i s o l a t e d  Sears-back Bodies, i n t e r f e rence - f r ee ,  l e t  

D J 2 )  = wave drag of t he  system 
D F ( ~ )  = sk in  f r i c t i o n  drag of t he  system 
D ( 2 )  = t o t a l  drag of t h e  system 

Since the  bodies are i n t e r f e r e n c e  free: 

Theref o r e ,  

Consider t hese  two bodies i n  favorable  i n t e r f e r e n c e ,  and l e t  

Dw(2*) - wave drag of t h e  two-body system with favorable  
i n t e r f e r e n c e  

+(2*) = sk in  f r i c t i o n  drag of t h e  two-body system with 
favorable  i n t e r f e r e n c e  

D(2")'  = t o t a l  drag of t he  two-body system with favorable  
i n t e r f e r e n c e  

Previous ly ,  a p a r t i c u l a r  case showed a 12.5 percent  reduct ion i n  

wave drag of a two-body system wi th  i n t e r f e r e n c e  over a two-body 

in t e r f e rence - f r ee  system: 
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D(2") = 1.75 b ( 1 )  + 2 D ~ ( 1 )  

Thus, f o r  a body of twice t h e  volume 

D(twice) = 4&(1) +,/?-&(1) 

For a two-body system, i n t e r f e r e n c e - f r e e  

D ( 2 )  + m ~ ( 1 )  

For a two-body system i n  f avorab le  i n t e r f e r e n c e  

D(2")  1.75&(1) + 2 D ~ ( 1 )  

For t h e  Sears-Haack bodies of t h e  experiment 

D F ( ~ ) * ~ D J ~ )  (36) 

using the T' method t o  c a l c u l a t e  t h e  s k i n  f r i c t i o n  drag ( r e f s .  16, 17, 

and 18). 

Therefore,  ,equat ions (28) ,  (311, and (35) become 

D ( t w i c e )  = 6.83 k(1) (37) 

D ( 2 * )  = 5.75 &(1) (39) 

D( 2)  = 6 (38) 

Thus, according t o  equat ions (37) ,  ( 3 8 ) ,  and (391, a two-body system, 

in t e r f e rence - f r ee ,  has 12 pe rcen t  less t o t a l  drag than a s i n g l e  body of 

equal  volume. Also, i f  t hose  two bodies i n t e r f e r e  favorably (12.5 pe rcen t  

reduct ion i n  wave drag over t h e  i n t e r f e r e n c e - f r e e  case) a 16 percent  

decrease i n  t o t a l  drag occurs  Over t h a t  of a s i n g l e  body of equal  Volume. 
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Using experimental re su l t s  where possible ,  the previous formulation 

can be summed up as follows: 

f decrease i n  
D / q  from body 

!FA r>/g of twice volume 

Single body (30") .146 .311* .457 

Body of M c e  volume .584* .440* I. 024 
(equal t o  to ta l  vol .  
of two-body system) 

Two-body system, -292 622* .914 
interference-free 

Two-body sys tern, .256 .622* -878 
12.5% favorable 
interference 

10.7% 

14.3% 

(* obtained from theoretical  techniques) 
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CONCLUDING RE?fARKS 

I n t e r e s t  i n  multibody supersonic  conf i g u r a t i o n s  e x i s t s  due t o  t h e i r  

l a r g e  passenger capaci ty  and t h e i r  p o t e n t i a l  f o r  a reduct ion i n  wave 

drag r e s u l t i n g  from favorab le  i n t e r f e r e n c e  e f f e c t s .  -4s an i n i t i a l  study 

of these multibody supersonic  v e h i c l e s ,  an a n a l y s i s  was conducted of t h e  

i n t e r f e r e n c e  e f f e c t s  between two Sears-Haack bodies. The o b j e c t i v e s  of 

th is  ana lys i s  were t o  b e t t e r  understand the  i n t e r f e r e n c e  e f f e c t s  between 

t h e  two bodies, determine the  ef f e c t i v e n e s s  of some t h e o r e t i c a l  tech- 

niques i n  p r e d i c t i n g  t h e s e  i n t e r f e r e n c e  e f f e c t s ,  and make comparisons of 

both wave drag and t o t a l  drag between a two-body system and a s i n g l e  

body of equal volume and the  same length.  

The study cons i s t ed  of a wind-tunnel experiment and t h e o r e t i c a l  

analysis a t  Mach 2.7 .  One of t he  bodies w a s  c u t  o f f  a t  t he  back and 

s t i n g  mounted, while t he  o t h e r  body w a s  mounted on t h e  tunne l  s idewa l l  

with a blade. Force measurements were made on t h e  cut-off body, and 

p res su re  da t a  w a s  measured on the  s idewa l l  mounted body. 

Various r e l a t i v e  p o s i t i o n s  of the bodies  were analyzed. Changes i n  

wave drag due t o  l a t e ra l  s e p a r a t i o n  of t h e  bodies showed favorab le  

i n t e r f e r e n c e  when a shock impinged on t h e  back ha l f  of the body. This 

f avorab le  i n t e r f e r e n c e  between the two bodies  r e s u l t e d  i n  as much as a 

12.5 percent reduct ion i n  wave drag over t h a t  of the two bodies ,  

i n t e r f  erence-free. When studying t h e  e f f e c t s  of l o n g i t u d i n a l  skew, 

another  favorable  e f f e c t  was seen. This f a v o r a b l e  e f f e c t  w a s  due t o  t h e  

iv 



nose shock of one of t he  bodies passing a t  about . 2  t o  .4 body l eng ths  

i n  f r o n t  of t he  o the r  body. This e f f e c t  lowered the  pressure  on the  

nose of t he  body and r e s u l t e d  i n  a decrease i n  wave drag of that body 

over the  nonin ter fe rence  case. The changes i n  wave drag f o r  a par t icu-  

lar body were shown t o  depend on both the  l o c a t i o n  of t he  shock on t he  

body and t h e  s t r e n g t h  of the  shock at t h e  body. 

To gain confidence i n  two t h e o r e t i c a l  techniques (PAN AIR,  a near- 

f i e l d  panel  method, and Far-Fiela Wave Drag, a method based on the  

supersonic  a rea  r u l e )  f o r  p red ic t ing  these  i n t e r f e r e n c e  e f f e c t s ,  COUP 

pa r i sons  w e r e  made between them and experimental  results. For t he  bodies 

a lone ,  good agreement was found between PAN AIR and t h e  experiment i n  

comparisons of both .pressure d i s t r i b u t i o n s  and wave drag. Far-Field 

Wave Drag, however, overestimated DJq of t h e  bodies alone. This d i f -  

f e r ence  between FFWD and experiment of t he  bodies-alone wave drag was 

found t o  be r e l a t e d  t o  the  low f ineness  r a t i o  bodies  used; Throughout 

the a n a l y s i s ,  p re s su re  d i s t r i b u t i o n  comparisons aad wave drag comparisons 

were made between experiment and theory. PAN AIR p res su re  d i s t r i b u t i o n s  

agreed f a i r l y  w e l l  wi th  experimental pressure  d i s t r i b u t i o n s ,  i nc lud ing  

t h e  magnitude of t h e  shock dis turbance.  However, PAN AIR predic ted  the  

l o c a t i o n  of t he  shock f u r t h e r  downstream on t h e  body due t o  i t s  use of 

t he  Mach l i n e  t o  desc r ibe  the shock path. Both PAN AIR and Far-Field 

Wave Drag did a good job  i n  p red ic t ing  the  areas of f avorab le  i n t e r -  

f e rence  and the  magnitude of t he  wave drag changes, a s soc ia t ed  wi th  d i f -  

f e r e n t  r e l a t i v e  l o c a t i o n s  of t he  bodies ,  shown i n  the  experiment. 

However, the  t h e o r e t i c a l  t rends were s h i f t e d  s l i g h t l y  due t o  the  use of 
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t h e  iYIach l i n e  r a t h e r  than shock path by both t h e o r i e s ,  Adjusting the  

t h e o r e t i c a l  t r ends  due t o  t h i s  shock-path d i f f e r e n c e  r e s u l t e d  i n  b e t t e r  

agreement between the t h e o r i e s  and the  experiment. 

Drag comparisons were =de between a two-body system and a s i n g l e  

body of equal volume (and same l e n g t h ) .  

on experimental d a t a  supplemented, where necessary,  by t h e o r e t i c a l  

r e s u l t s .  The s i n g l e  body had t w i c e  the wave drag of the two-body system, 

in t e r f e rence - f r ee .  One of the two-body conf igu ra t ions  (SEP/R = .30, 

SKEWlL = 0) was shown t o  have 12.5 percent  less wave drag than a two- 

body system, in t e r f e rence - f r ee .  Such f avorab le  i n t e r f e r e n c e  r e s u l t s  in 

a two-body conf igu ra t ion  having 56 percent  less wave drag than a s i n g l e  

body of equal volume. However, t h e  s k i n  f r i c t i o n  drag of a two-body 

system is g r e a t e r  than t h a t  of a s i n g l e  body. Combining t h i s  l a r g e  

reduct ion i n  wave drag and t h i s  i n c r e a s e  in s k i n  f r i c t i o n  of a two-body 

system y i e l d s  a 14 percent  decrease i n  wave drag of a two-body con- 

f i g u r a t i o n  with f avorab le  i n t e r f e r e n c e  over a s i n g l e  body of equal  

volume and the  same length.  

These comparisons were based 
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T h i s  appendix conta ins  a comparison between a por t ion  of t he  

experimental  da t a  taken from reference  5 and results from both the  PAN 

A I R  and Far-Field Wave Drag (FFWD) programs. The po r t ion  of t he  

experiment of i n t e r e s t  cons is ted  of a wind-tunnel test of two i d e n t i c a l ,  

i n t e r f e r i n g ,  pa rabo l i c  bodies of r evo lu t ion  a t  ?lach numbers ranging from 

0.8 t o  1.15, and at var ious separa t ions .  In the  experiment,  t he  wave 

drag  was c a l u l a t e d  from pressure  d a t a  obtained from one of t he  bodies. 

The c o r r e l a t i o n  cas done only a t  Mach 1.15 s i n c e  both the  PAN AIR and 

FFWD programs have speed regime l i m i t a t i o n s .  

s t r i c t l y  supersonic;  and PAN AIR cannot handle t r anson ic  flow.) 

Although &ch 1.15 i s  much lower than t y p i c a l  Mach numbers of i n t e r e s t  

f o r  t he  design of supersonic  a i r c r a f t ,  t h i s  comparison g ives  an idea  of 

whether the  theo r i e s  are c o r r e c t l y  p red ic t ing  the  a c t u a l  phys ica l  

t r ends .  

(The FFWD program is 

FFWD and PAN AIR models were generated and run a t  appropr i a t e  

s e p a r a t i o n  d i s t a n c e s  f o r  t he  i d e n t i c a l  bodies of f i g u r e  52. F u l l  

bodies  e r e  defined as i n  f igu re  52, whi ie  p a r t  bodies were def ined up 

t o  the  12.42 em s t a t i o n .  Drougge, t he  expe r imen ta l i s t  of r e fe rence  5 ,  

defined the  p a r t  body as the p o s i t i o n  up t o  where he f e l t  f low 

s e p a r a t i o n  had not y e t  occurred. 

Overall, t h e  agreement between the  t h e o r i e s  and experiment is  q u i t e  

good. Comparisons between rhe t h e o r i e s  and experiment of wave-drag 
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c o e f f i c i e n t  versus  sepa ra t ion  f o r  the full-body and part-body 

conf igura t ions  are presented i n  f i g u r e s  53 and 5 4 ,  r e s p e c t i v e l y .  Due 

t o  the  r a t h e r  a u s t e r e  graphs i n  re ference  5 ,  d e t a i l e d  comparisons were 

a o t  r e a l l y  poss ib le ;  however, comparisons of the  t rends  between both 

t heo r i e s  and experiment were very good. 

Thus, i t  seems appropr i a t e  t o  conclude t h a t  FFWD and PAN A I R  

p red ic t  similar t rends  as shown i n  the  l i m i t e d ,  nondetai led experimental  

da t a  a t  ?lach 1.15 of re ference  5 .  However, f u r t h e r  experimental  da t a  i s  

needed t o  support  the twin-body concept. 
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Figure 1.- Comparison between the theory and experiment of reference 
5 for the wave drag ratio CD/CD (where CD is the wave 
drag coefficient of the body in the influence of t h e  
other body and C D ~  is the wave drag coefficient of the 
body interference-free) against the lateral seperation 
in body lengths, SEPIE, for% = 1.00, 1.04, 1.15. 
(recroduction of figure 18, reference 5 )  
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Cross- 

Axial d i  stance 

Figure 2- Procedure for determining area developments related t o  
wave d r a g  a t  moderate supersonic Mach numbers. 
(reproduction of figure 2 ,  reference 15) 
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Figure 3 . -  30" pressure body with blade support. 
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Figure 4.- Force body. 
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Figure 5.- Body dimensions and position parameters. 
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Figure 7 . -  Rotat ion o f  f o r c e  body around p res su re  body. 
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Figure 7 . -  Concluded. 
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Figure 9.- Area which inf luences the 30" body. 
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. 5  
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.1 

0 

-.l 

- . 2  

PAN A I R  

-- PAN A I R  (adjusted for shock location) 

- 
- FFWD - 

FFWD (adjusted for shock location) --- 
0 experiment 

L I I t L 

.1 . 2  .3 
SEPIJ! 

.4  .5 

Figure 32.- Comparison of LD,/D,- versus separation i n  body lengths f o r  
the 30" body betweenoexperiment, PAN AIR, a n d  FFWD 
(SKEW/& = 0). 
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F i g u r e  33.- Comparison of AD,/D, versus s e p a r a t i o n  i n  body l e n g t h s  f o r  
the c u t o f f  body b e t d e n  e x p e r i m e n t ,  PAN AIR, and FFWD 
(SKEW/I1 = 0 ) .  
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Figure 34.- Comparison of AD,/D, versus separation i n  body lengths f o r  
the en t i r e  configuraeion between experiment, PAN A I R ,  and 
FFWD (SKEW/L = 0 ) .  
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SKEWIL = -1.2 -1.0 -.8 -.6 - . 4  - . 2  0 

Figure 35.- Illustration of different positions o f  SKEW/% 
at SEPIL = .40. 
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Figure 42.- Illustration of different positions o f  SKEW/t 
a t  SEPIl1 = .20. 
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44 
170 
717 
893 
467 
650 

. T a b l e  I .-  Test summary ( d a t a  po in t  number for given s e p e r a t i o n ,  skew 
and batch ). 

0.w no press data 
0.00 0.00 90.00 
2.40 9 . 8  99-20 
3.90 15-10 105.10 
5.05 19.70 109.70 
5.43 21.20 111.20 

SEP - 15 

21 1035 1026 1017 1009.1011 1003 997 991 
26 1222.1248 1244 
27 1273.1288 1283 1280 
23 1102,1136 1132 1128 
25 1176,1190 1186 1183 
24 1149.1160 1157 1155 1153 
22 1072,1080 1078 1075 

445 451 

0.19 
2.68 
4.19 
4.88 
5.68 
7.88 
9.40 

197 198 
7 I 308 310 
8 1  341 344 

-12 n 
157 
705 
882 
458 
641 
204 
313 
347 

SKEW - -15 -18 

164 
712 
888 
463 
646 

315 
350 

206 208 

~F 744 752 

SKEU 
-33 -36 -39 -42 -45 

98 101 106 108 111 
750 761.768 765.772 774 777 

835 

17 795 802 
12 554 557 

279 
9 

839 642 848 
403 406 409 411 413 
806 609 812 814 816 
559 561 563 564 566 
281 283 285 286 288 
376 378 380 381 383 

A ( in  

0.00 
2.46 
3.98 
5.17 
5.47 
8.05 
9.77 

11.20 

6. 0" 

0.00 90.00 
9.40 99.40 

15.40 105.40 
20.20 110.20 
21.40 111.40 
32.40 122.40 
40.60 130.60 
48.30 1 3 - 3 0  

e. 5, 

0.70 89.30 
10.30 100.30 
16.20 1 0 6 . 8  
19-00 109.00 
22.20 112.20 
3i.60 121.60 
38.80 128.80 

SKEW 
BA , 24 30 33 36 39 42 45 48 , A  (in), 6, 62 

I 1 1 

20 I 968 960 959 947 938 935 929 914,922 i -0.21 I 0.80 ~ 9 . 2 ~  
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zl l O J b m 3 Z  1021 1023 1018 1012 1004 998 992 
26 1249 1245 
27 1289 1285 
23 1137 1133 1129 1111,1124 
25 1191 
24 1161 1158 
22 1081 1079 1077 1074 

T a b l e  I . -  Continued. 

SEP = 12 

8A , 0 -5 
1 I 16 24 
3 

15 
19 
11 
14 
4 

137 145 
686 696 
868 876 
446 452 

623,629 635 
194 199 

7 309 3 1 i  
8 1 342 345 

SA r 
16 
18 
10 
17 
12 
6 
9 

SKEW 
-9 -12 -15 -18 -21 -24 
29 34 40 45 

153 158 166 172 
702 706 713 718 
880 883 889 894 
456 459 464 46 9 
639 642 647 651 

202,203 205 207 209 
312 314 316 
346 348 35 1 

SKEW 
-24 -27 -30 -33 -36 -42 -45 
86 89 93 99 102 109 112 

745 750 753 759 762,769 775 778.780 
830 833 836 840 843 849 
393 397 400 404 407 412 415 
796 800 803 807 810 815 817 
555 556 558 560 562 565 567 
277 278 280 282 284 287 290 
372 373 375 377 379 

L ( i n )  
m 

0.00 
2.40 
3.90 
5.05 
5.43 
8.12 
9.59 

11.08 

E., 
no press. data 
0.00 90.00 

11.50 10 1.50 
19.00 109.00 
24.90 114.90 
26.90 1 1 6 . 9  
42.60 132.60 
53.00 143.00 
67.40 157.40 

e. e, 

27.00 

11.20 169.00 

* 
101.80 
109.30 
115.50 
117.00 
122.4O 
144.50 
159.00 

SKEW 
62  48 c ( i n )  61  8A , 24 27 30 33 36 39 42 45 

20 I 969 964 961 955 948 942 936 930 923 1-0.21 I 1.0" 8 9 . F  
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Table I .- Continued. 

SEP = 10.5. SKEW = 0 

BA 

1 
3 

15 
19 
11 
14 
4 

21 
26 
27 
23 
25 
24 
22 

- WIWT 
17 

138 
687 
869 
447 

624,630 
195 

1037 
1250 
1291 
1138 
1192 
1162 
1082 

o (in) 

0.00 
0.00 
2.40 
3.90 
5-05 
5.43 
8.12 

-0.19 
2.68 
4.19 
4.00 
5.68 
7 .a8 
9-40 

i t  €1 
~~ 

no press. data 
0.00 90.00 

13.20 103.20 
21.80 111.80 
28.70 118.70 
31. lo 121.10 
50.60 140.60 

1.10 88.90 ~~ 

14.80 104.80 
23.50 113.50 
27.70 117. P 
32.70 122. P 
4a.50 138.50 
63.50 153.50 
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Table 1.- Cont inued .  

SEP = 9 

l!L 
i 
3 

15  
19 
11 
14 
4 

0 
18 

139 
688 
870 
448 

196 
625,631 

- 12 
25 '35 

146 160 
698 707 
877 884 
454 460 
637 643 
200 

-15 
37 

162 
710 
886 
462 
645 

-18 
41 

167 
714 
890 
465 
648 

SKEW - 
43 

169 
716 
892 
466 
649 

- =2 

173 0.00 0.00 90.00 

G ( i n )  6: 

0.00 no press. data 46 

519 
895 
470 
652 

BA . 30 33 -24 -45 
0.00 0.00 90.00 2 87 95 100 103 107 113 

16 746 755 760 763,770 773 781 2.46 15.80 105.80 
3.98 26.20 116.20 18 831 837 841 844 e47 

401 405 408 410 416 5.17 35.10 125.10 
17 I :;: 804 808 811 813 818 5.47 37.40 127.40 
lo 

- - G (in! e l  9 SKEW 

BA : 0 3 6 9 
21 1038 1033 1028 1024 
26 1223,1251 1246 1240 1239 

12 
1019 

SKEW 
15 18 

1013 1005 

1139 1134 
1193 1187 

1281 1278 
1130 1112,1125 
1184 1181 
1156 1154 

1275 
1108 

,1151 

SKEW , L ( i n ) ,  e l  6 2  48 BA , 2 4 30 33 36 39 45 
20 t 970 962 956 949,950 943 931 925 1 -0.21 1 1.30 88.7O 
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Table I . -  Continued. 

SEP = 7 .5 ,  SKEW = 0 

BA 
1 
3 

15 
19 
11 
14 

26 
27 
23 
25 

- POINT 
19 

140 
689 
87 1 
449 
626 

1252 
1293 
1140 
1194 

SE? = 7.0 

A (in) 

0.00 
0.00 
2.40 
3.90 
5.05 
5.43 

2.68 
4.19 
4.88 
5.68 

- b1 E2 
m press. data 
0.00 90.00 

18.60 108.60 
31-30 121.30 
42.30 1 3 2 . 9  
46.40 136.40 

21.00 111.00 
33-90 23 .90  
40.60 130.60 
49.20 139.20 

skew = 0 
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2 88 90 96 104 110 114 0.00 
16 747 751 756 764,771 776 762 2.46 
18 a32 834 038 a45 850 3.98 

395 398 402 5.17 :? 1 799 801 805 1 5.47 

Table I . -  Continued. 

59.50 149.50 
65.50 155.50 

SEP 6 

21 1040 1034 1029 1025 1020 1014 1006 1000 994 -0.19 
26 1253 1247 1241 1235 1232 1229 2.68 
27 1294 1287 1282 1279 1276 1274 4.19 
23 1142 1135 1131 1126 1109.1122 1105 1104 4.88 
25 I 1195 1189 1185 1182 1179 1178 5.68 

L ( i n  
1 20 26 30 36 38 42 47 I 0.00 
3 141 148 154 161 163 168 174 ~ 0.00 

15 690 699 703 708 711 715 720 ~ 2.40 
19 872 078 881 885 887 891 896 I 3.90 
11 450 455 457 461 i 5.05 
14 627.633 638 640 644 1 5.43 

SKEW 
BA 0 -6 -9 -12 -15 -18 -24 

1.8' 88.20 
26.50 116.40 
44-30 134.30 
54.40 144.40 
71.10 161.10 

6, 

IO press. data 
0.00 90.00 
23.50 113.50 
40.50 130.50 
57.30 147.30 
64.80 154.80 

el  
0.00 90.00 
14.10 114.10 
11.50 131.50 

SKEW 
45 ~8 0 ( i n ) ,  61 82 BA , 24 27 30 33 36 39 42 

26 i 971 965 963 957 951 944 937 932 927 I - .  0 21 I 2.0° 88-w 
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1 
3 
15 
19 

Table I . -  Continued. 

21 22 28 31 
142 143 150 155 
691 693 700 704 709 
873 874 879 

SEP = 4 

0.00 
0.00 
2.40 
3.90 

i2 
SKEW 

BA 0 -3 4 -9 -12 -24 -30 , A  (in), el 
I I I 

DrCSS. data 
0.00 90.00 
36.80 126.80 
77.00 167.00 

21 1041 1030 1021 1015 1007 1001 995 -0.19 2.80 87-20 

16 I 748 757 1 2.46 1 37.90 127.90 

26 1254 1242 1236 1233 1230 U27 1224 2.68 42.00- 132.00 

20 972 966 958 952 945 933 928 -0.21 2.90 87.10 
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21 1031 1022 1016 1008 1002 9% -0.121 
26 1255 1243 1237 1234 1231 1228 1225 2.8 

Table I . -  Concluded. 

3.70 86.30 
63.30 153.30 

S E P  = 3 

SKEW 
BA , 0 -3 -6 -9 -24 

1 32 
151 156 

16 i 692 694 

7 49 

20 973 967 959 953 946 934 -0.21 

no. press. data 
0.00 90.00 

54.90 144.90 

3.90 86. lo 
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